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METHODS FOR THE TREATMENT OF BETA-THALASSEMIA

CROSS-REFERENCE TO RELATED APPLICATIONS

18061} The present application claims the benefit of U8, Provisional
Application No. 62/828,182, filed April 2, 2019; U.S. Provisional Application No.
62/930,846, filed Novernber 5, 2019; and U8, Provisional Application No.
62/944,626, filed December 6, 2019, the disclosures of which are hereby incorporated

by reference in their entireties.

SEQUENCE LISTING
L ET The instant application contains a Sequence Listing which has been
subrmitied electronically in ASCH format and is hereby incorporated by reference in
its entivety. Said ASCI copy, created on Jamuary 10, 2020, is named 8328-

(0194 40 SL.txtand is 8,701 bytes in sive.

TECHNICAL FIELD
{0003} The present invention concerns methods for treating B-thalassemia, and
gene therapy.
BACKGROUND
108041 §-thalassemia is an inherited anemia characterized by absent or

defective B-globin chain synthesis (Higgs & Engel (2012) Lance 379(9813):373-83).
The defect causes an imbalance in globin chain production, and a reduction in
hemoglobin {(which is made up of two a-globin and two f-globin chains). As g
consequence of the globin chain tmbalance, unstable o-globin chain teframers form in
red blood cells (RBCs) or RBC precursors, and intramedullary destruction, apoptosis,
ineffective erythropoiesis, iron overload, and profound anemia oecur {Origa, R.
(2017} Genet Med 136):.609-619),

{B80058] The thalassermias (B and o) are the most common monogenic diseases
1 man. They have a worldwide distribution, but are most common in South Asia, the
Indian subcontinent, the Middle Fast and Mediterranean regions, and sub-Saharan

Africa (Modell et @l (2008) J Cardiovase Magn Reson. 10:42; Colah et al. {2010
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19068} Currently, the only proven cure for TDT is allogeneic hematopoietic
sterm cell transplantation (HSCT). Allogeneic HSCT carries substantial risk of chronic
morbidity {e.g., grafi-versus-host disease [GVHD]) as well a5 a 10-15%6 risk of death
based on S-year mortality {Locatelli e /. (2013} Blood 122(6):1072-8; Baronciani et
5 al (2016} Bone Marrow Transplon: 51{(41:536-41). In addition, published reports
show that the probability of identifying a well-matched unrelated allogeneic donor is
influenced by the cthnicity of the recipient; for example, among individuals of
Adfiican descent, the probability of finding a suitable donor is estimated to be only
19% (Gragert ez al. (2014} N Engl J Med. 371{(41:338-4¥}. Thus, many, if not most,
10 recipients will lack a human leukocyte antigen (HLA }matched donor for allogeneic
HSCT, making this potential curative treatment unavailable,
188691 Thus, there remains a need for compositions and methods for treating

and/or preventing TDT.

15 SUMMARY
{6019} Disclosed herein are compositions and methods for treating and/or
preventing B-thalassemia in a subject in need thereof. The present disclosure provides
methods and compositions for genome editing and/or gene transfer. The present
disclosure also provides methods and compositions for cell therapy for the treatment

20 of subjects lacking sufficient expression of beta globin {e.g., BO/B0 or non-BO/B0
subjects). Aberrant beta globin expression in the subject may be caused by any
nmutation, including but not limited to one or more of the following mutations: IVS-I-
5; IVS-I1-654. In some embodiments, the methods and compositions disclosed herein

are used to ireat transfusion-dependent B- thalassemia (TDT). The disclosure

provides methods of {reating a subjoct with B-thalassemia comprising administering

b3
4

cells that bave been modified using engineered nucleases to the subject wherein the
subject s freated. Cells administered to the patient may be autologous (isclated from
the patient, genetically modified and then reinfused into the patient) or allogenic cells,

for example isolated from healthy patients and infused into the patient,

43
o)

{8011} Methods of altering expression of hemoglobin, inchuding for use in the
treatment of TDT, as provided herein, include methods that result in a change from

baseline of clinical laboratory hemoglobin fractions {adult hemoglobin, HbA and fetsl

%)
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hemoglobin, HbF} in terms of both changes in grams/dL plasma and percent HbF of
total Hb in a subject. In some embodiments, use of the methods of treatment
disclosed herein may result in a change of thalassemia-related disease biomarkers. In
some embodiments, changes in the thalassemia-related disease biomarkers may
nclude, but are not Limited to, changes in iron metabolism and/or changes in levels of
erythropoietin, haptoglobin and hepeidin Jevels. In some embodiments, the methods
of treatment may result in a change in a patient’s symptoms associated with fron
overload associated with baseline transfusion therapy. Changes in fron overload
symptoms may include a decrease in endocrine dysfunction caused by iron deposition
in endocrine organs. Hndocrine dysfunction may be evaluated by measurement of
factors (levels and/or activity) such as, but not limited to, thvroid hormones, IGF-1,
morning cortised, adrenocorticotropic hormone (ACTH), HBALC, and/or vitamin D.
Determination of all the above factors, including HbA, HbF, ervithropoietin,
haptoglobin, hepcidin, thyroid bormones, IGF-1, cortisol, ACTH and vitamin D may
be measured by standard clinical laboratory protocols,

{8012} In some embodiments, the uses and methods of treatment described
herein will result in a decrease in the need for (use of) RBC transfusions and infusion
of other blood products including, but not limited to, platelets, intravenous
tmmunoglobin (IVIG), plasma and granulocyies in a subject with f-thalassemia (for
example, TET). Change in the use of RBC and other blood product infusions in a
subject treated with the methods and compositions of the invention can be evaluated
by keeping a log of use for the subject. The log can be used {0 calculate an
annualized frequency and volome of packed red blood cells (PRBQO) after infusion
with the compositions disclosed herein, and compared o the subject’s past PRBC and
other blood products usage prior to freatment.

D013} In some embodiments, the methods of treatment as described herein
result in 8 decrease in Hver discase. Liver disease and hepatomegaly are common co-
morbidities of TDT due to increased red blood cell (RBC) destruction and
extramedullary erythropoiesis. The accelerated rate of ervthropoiesis enhances dietary
iran absorption from the gut, resulting in a chronic state of fron overload anglogous to
that seen 10 hereditary hemochromatosis. Changes in iron deposition in the liver can

be evaluated by MRI where iron deposition in hepatocytes and Kupfer cells can be

4
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assessed using standard methods such as the R2 based FERRISCAN® (Resonance
Health) techuique (see, e.g., St Picrre ef ol (2013} Magn Reason Med 71{6):2215-23).
[0014) In some embodiments, the methods of freatment described herein result
in a decrease in cardiac abnormalities. Cardiac abnormalities, including heart failure
and fatal arrhythmias, are major complications of TDT and frequent causes of death.
Life-long trausfusion therapy ameliorates cardiac pathology; however, TDT patients
frequently develop cardiac hemosiderosis due to myocardial iron deposition (He e ol
(20083 Magn Reason Med 60{531082-1089). Changes in cardiac abnormalities may
be evaluated by MR, as iron deposition and overload in the myocardiwm can be seen
i the standard royocardial T2* (T2 star) magnetic resonance technigue.

{80153 In some embodiments, the methods of treatment described herein result
in a decrease in osteoporosis and fractures which are a common complication of TDT
(Vogiatzi ef al. 2009 J Bone Miner Res 24(3%:543-57). Changes in bone mineral
density, osteoporosis and fracture risk as a result of the methods disclosed heretn can
be evaluated using a standard DXA bone densitometry scan (dual energy x ray
absorptiometry DXA, see e.g., Blake and Fogelman (2007) Posterad Med J
B3(HE2N509-517),

G816} In some embodiments, the methods of treatment described herein result
in a change {e.g.. reduction or increase) in baseline ervthropoicsis in terms of
morphology of andftype of ervtlwoid precursor cells. TDT leads to profound
erythroid hyperplasia with a high degree of immature cells and erythroid precursors of
often bizarre morphologies. The methods and compositions of the invention can
result in the presence of fewer immature cells and/or reduce the number of cells with
non-typical morphologies. Changes in erythropoiesis can be evaluated by standard
bone marrow aspiration which is a routine clinical procedure to characterize
hematopotesis.

18017} in some smbodiments, the methods of treatment described herein result
in a change from bascline in the number and percent of F cells. ¥ cells are RBCs that
contain measurable amounts of HbF. Evaluation of a change in F cells as a result of
the treatment methods can be measured by methods known in the art (see e.g., Wood

et gl (1975} Rlood 46(51:671). In certain embodiments, the number and/or

(¥
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percentage of F cells is increased in a subject treated as described herein, as compared
to an unfreated subject.

10618] Disclosed herein are compositions comprising one or more mRNAs
encoding one or more ZFNs that cleave an endogenous BCL1IA sequence {e.g., an
endogenous BCL11A enhancer sequence). In certain ernbodiments, the one or more
mRNAs comprise SB-mRENHI mRNAs and/or SB-mRENH2 mRNAs (as shown in
SEQ ID NG5 and SEQ ID N(:16). Also disclosed are pharmaceutical
compositions comprising one or more of the same or different mRNAs, including
compositions comprising SB-mRENHT and SB-mRENH2 mRNAs.

{6019 Isolated cells and isolated populations of cells comprising one or more
mRNAs and/or one or more pharmacentical compositions comprising these mRNAs
are also provided. Also described are compositions comprising genetically modified
cells and cells descended therefrom, including, but not Hmited to, progeny of the
genetically modified ceills, The genetically modified progeny cells may be obtained
by in vitro methods {culture of the genetically modified cells) and/or in vive following
administration of the genetically modified cells to a subject. Thus, the genetically
modified progeny cells may include fully or partially differentiated progeny
descended from the genetically modified cells. In certain embodiments, the
genetically modified csll compositions comprise genetically modified hematopoietic
stem cells (also referred to as hematopotetic progenitor stem cells (HPSC) ox
hematopoietic stem cell/precursor cells (HSC/PC)) and/or genetically modified cells
descended or produced {cultured) therefrom, including genetically modified cells in
which the BCL11A sequence is cleaved and hemoglobin {e.g., HbF and/or HbA)
levels in the cells are increased {e.g., 3 to 4-fold or more) as compared to cells which
are not genetically modified. Some, all or none of the genetically modified cells of
the cell populations and compositions of cells described herein may comprise one or
more mRNAs and/or pharmacentical compositions comprising these mRNAs. Thus,
described herein are cells, cell populations and compositions comprising these cells,
which cells, cell populations and compositions comprise genetically modified cells
comprisinng the mRNAs described herein and cells descended therefrom. The cells,
cell populations and compositions comprising these cells and cell populations may

comprise autologous and/or allogeneic cells. Pharmaceutical compositions

&
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comprising genetically modified cells {e.z., ervihroid progenitor cells such as HPSCs
that exhibit increased globin expression as compared to unmodified cells) as
described herein are also provided.
{3628] Methods of manufacturing (ruaking) genetically modified isolated cells
5 {or cell populations or compositions comprising genetically modified cells and cells
descended therefrom) are also provided, including methods of making genetically
modified populations of cells in which a BCL11A sequence {(e.g., enhancer sequence}
is genetically modified such that hemoglobin {(e.g., HbF and/or HbA) levels in the
genetically modified cells are increased as compared to unmodified cells {eg, 2 or
10 wore fold). In certain embodiments, the methods comprising administering one or
more mRNAs {or pharmaceutical compositions comprising the one or more mRMNAs)
as described herein to the cell {e.g., via transfection). The cells may be antologous
and/or allopeneic and may be HSPCs. [u certain embodiments, the methods further
comprise culturing the genetically modified cells to produce a composition
15 comprising a population of genetically modified cells {e.g., HPSC cells) and/or
genetically modified cells descended therefrom {e.g., other eryvithroid progenitor cells
and/or mature erythroid cells such as RBCs) exhibiting increased globin production.
The compositions may comprise genetically modified cells comprising the mRNAs
and/or genetically modified cells descended from such cells that no longer comprise
20 the mRNAs but maintain the genetic modification (BCL11 A-specific modifications).
Pharmaceutical compositions comprising genetically modified cell populations and/or
cells descended therefrom are also provided.
{8021} Thus, in some embodiments, the methods and compositions disclosed
herein relate to treating a subject with cells that have been modified ex vive. In some
25  embodiments, the cells are isolated from the subject, modified ax vive, and then
returned {0 the subject. In other embodiments, the cells are isolated from healthy
donors, modified ex vive, and then used {o treat the subject. In further embodiments,
the cells isolated from healthy donors are further modified ex vivo to remove selfs
markers {e.g., HLA complexes) to avoid rejection of the cells by the subject. In some
30 embodiments, the cells isolated are stem cells.  In firther embodiments, the stem
cells are hematopoietic stem cell/progenitor cells (e.g., CD34+ HSC/PC). In some

embodiments, the CI334+ HSC/PC are mobilized in each subject by treatment with
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one or more doses of granulocyte colony-stimulating factor (G-C8F). In some
embodiments, the dose of G-CSF used is about 10 pg/kg/day. In some embodiments,
the one or more doses of G-C8F are combined with one or more doses of plerixafor.
In some embodiments, the dose of plerixafor used is about 240 pg/kg/day. In further
embodiments, the mobilized cells are harvested by one or more apheresis cycles.
{00223 Mobilized human CD34+ HSPCs may be collected by apheresis from
healthy or beta-thalassemia suhiecis and purified prior to administration of
{transfection with) one or more mRNAs {or pharmaceutical compositions comprising
the one or more mRNAS) as deseribed herein. In certain embodiments, the purified
HSPCs are transfocted with ZFN mRNAs SB-mRENH1T and SBmRENH? (SEQ ID
NO:15 and SEQ ID NO:16). Transfected genetically modified CD34+ HSPCs {(“8T-
4007} may be cultured, harvested and/or frozen for use. Afler harvesting,
compositions comprising genetically modified cells (at least 30%, preferably at least
7% or more, even more preforably at least 75-80% or more of the celis are
genetically modified following mRNA administration, preferably specifically
moditied at the BCL11A enhancer sequence as compared to other genetic Toci) as
described herein (“ST-400") may inchude HSPCs as well as cells descended
therefrom, for instance HSPC differentiated into all hematopoietic lineages, including
erythroid progenitors {CFU-E and BFU-E), granulocyie/macrophage progenitors
{CFU-G/M/GM), and multi-potential progenitors (CFU-GEMM).  In certain
embodiments, some, none or all of the genetically modified cells of the composition
{(population) of cells comprise one or more of mRNAs.

{B023] iny any of methods or uses described herein, the subject has a confirmed
molecular genetic diagnosis of B-thalassemia; confirmed clinical diagnosis of B-
thalassemia {e.g., TDT); is BYB° or non~ BYB° and/or is between the ages of 18 and 40
years old with a clinical diagnosis § beta-thalassemia {e.g., TDT) with <8
documented PRBC transfusion events per year on an annualized basis in the prior two
vear period. In certain embodiments, the genetically modified CD34+ HSPCs are
generated from cells obtained from the subject {autologous). In certain embodiments,
D34+ HSPCs are mobilized in cach subject using treatment with G-CS8F and
plerixafor. Mobilized CD34+ HSPCs are collected from each subject one or more

days {e.g., 3, 4, §, 6, 7 or more days) after mobilization by apheresis, for example on 2
Y5 {28, ) ¥ ag p
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or more consecutive days until sufficient cells are collected. In certain embodiments,
at least abowt 1 x 10% 10 1 x 107 {e.g., 25 x 10% CD34+ HSPCs/kyg are collected. I
needed, a second mobilization and apheresis cycle may be performed 1, 2, 3 or more
weeks after the first cyele. In certain embodiments, a portion of collected cells are
5 subject to genetic modification as described herein and the remainder maintained

{e.g.. cryopreserved) in the event a rescue treatment for the subject is indicated.
18024} In some embodiments, the cells are removed from the subject
{autologous) and treated with nucleases that target a gene involved in the regulation of
fetal hemoglobin (HbF} production. In some embodiments, the gene is a repressor of

10 HbF production. In some embodiments, the gene is the BCL11A gene. In some
embodiments, the nucleases target and cleave the ervthroid-specific enhancer region
of the BCL11A gene. In some embodiments, the nucleases are delivered to the cells
as mRNAs. In some embodiments, the cleavage of the ervthroid-specific enhancer
region resulis in error-prone repair of the cleavage site by the cellular repair

{5  machinery such that a binding site for the ervthroid transcription factor GATAL (see
Vierstra ef af. (2015) Nat Methods 12(10):927-30; Canver ef al. (2015) Nature
327(78773:192-7) is disrupted.  In some smbodiments, the macleases target the
erythroid-specific enhancer region of the BCL11A gene such that it is not expressed
in hematopoietic stem colls. Enhancer regions targeted may be within or outside the

23 coding region including but not Hmtted to +58, +35 and/or +62 regions within intron 2
of endogenous BCL11A, numbered in accordance with the distance in kilobases from
the transcription start site of BCL114A, which enhancer regions are roughly 350 (+55);
550 (+58); and 350 (+62) nucleotides in length. See, e.z., Baver ef ¢, {2013) Science
343:253-257; U.S. Patent Nos. 8,963,718, 10,072,066; and U.S. Patent Publcation

25 Nos, 2015/0132260 and 2018/0362826. In some embodiments, the modified HRC/PC
are evaluated prior to returning to the subject. In some embodiments, the modified
cells are evaluated for the presence and type of nuclease-induced mutations in the
BCL11A enhancer region. In some embodiments, the mutations can be insertions of
nucieotides, deletions of nucleotides or both (“indels™). In some embodiments, the

30 cells are evaluated for off-target cleavage by the nucleases. In some embodiments, the
cells are evaluated for melecular transiocations and/or karyotyping of the cellular

chromosomes following nuclease cleavage. In some embodiments, the cells are

9
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evaluated for off-target transcriptional activity, In some embodiments, the cells are
evaluated for endotoxin foad. In some embodiments, the cells can be evaluated for
one or more of the above characteristics.

{60251 In some embodiments, the modified CD34+ HSC/PC are returned to

¥

the subject at a dose such that HbF production is increased and the clinical symptoms

of B-thalassemia are decreased. In some exnbodiments, the subject is treated with one

of more myeloablative condition agents prior to infusion with the modified CD34+

HSC/PC. In some embodiments, the myoclablative agent is busulfan, In further

embodiments, the busulfan is used with other agents such as ovelophosphamide.

10 [6826] In some embodiments, a dose of about 3 x 10° cells/kg to about 20 x
10° cells/kg {or any value therebetween) of the genetically modified cells is
administered {e.g,, via intravenous infusion} to the subject. In some embodiments, the
cells are formulated in infusible crvomedia containing 10% DMSQ. In some
embodiments, the cells are formulated with approximately 1.0- 2.0 x 108 cells per bag

15 ata concentration of approximately 1 x 107 cells/ml.. In any of the methods described
herein, cells dosages may be determined as total cell dose or as a CD34+ cell dose,
which can be calculated as follows: CD34+ dose = [total cell dose] x [CD34+ %)L
See, e.g., Table B, showing total cell dose in columm 2 and CD34+% in column 3. In
some embodiments, subjects receiving the modified HSPC are monitored after

20 infusion for engraftment of the modified cells and for evaluating the heterogenicity of
the modified cell population. In some embodiments, peripheral blood, bone marrow
and/or different cellular populations may be individually assessed for the presence of
indels in the BCL11A gene. In some embodiments, genomic DNA from cells
isolated from a treated subject is isolated and the region comprising the BCL11A

25  target sequence is amplified. In further embodiments, the percent modified cells
within the cell population is determined and re-tested over time post dosing to
evaluate stability of the modified cell population with the treated subject.

{80271 In some embodiments, the modification data is evaluated to create an
indel profile. In further embodiment, the indel profile is monttored over time to

30 determine the likelihood of any one particular cell type (indel profile) aberrantly

overgrowing the population,

10
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{8028} Disclosed herein are compositions and methods for treating a subject
with f-thalassemia comprising cells that have been treated with two polynucleotides
encoding partner halves (also referred to as a “paired ZFN” or “left and right ZFNs™)
of a zinc finger nuclease, Optionally, the nuclease-encoding polynucleotides further
comprise sequences encoding small peptides (including but not limited to peptide tags
and ruclear Iocalization sequences}, and/or comprise mutations in one or more of the
DNA binding domain regions (e.g., the backbone of a zine finger protein) and/or one
or more mutations in a Fokl nuclease cleavage domain or cleavage half domain. The
polymucieotides may optionally comprise an ARCA cap (U.8. Patent No. 7,074,596).
When these polynucleotide components are used individually or in any combination
{e.z., peptide sequence such as FLAG, NLS, WPRE, ARCA and/or poly A signal in
arty combination}, the methods and compositions of the invention provide surprising
and unexpected increases in expression of artificial nucleases with increased
ctficiency {e.g., 2, 3, 4, §, 6, 10, 20 or more fold cleavage as compared to nucleases
without the sequences/modifications described herein} and/or targeting specificity. In
certain embodiments, described herein is a composition comprising genetically
modified cells specifically modified at the BCL11A locus by the mRNA(s) as
described herein, including in which less than 10% {0 to 10% or any value
therebetween), preferably less than 5% (0 to 5% or any value therebetween), even
more preferably less than 1% of the cells (0 to 1% or any value therebetween) and
even more preferably less than 0.5% (0 to 1% or any value therebetween) of the
genetically modified cells include genetic modifications made by the mRNA(s)
outside the BCL11A locus {but may include additional modifications such as
mactivation of HLA markers). In further embodiments, the polynucleotides encoding
the zinc finger nuclease may comprise a left ZFN known as SB63014 (see, UK,
Patent No. 10,563,184 and U.8. Patent Publication No. 2018/0087072), encoded by &
mRNA S5B-mRENH]. In some embodiments, the right ZFN is SB65722 (see, U.R.
Patent No. 10,563,184 and U.S. Patent Publication No. 2018/0087072), encoded by a
mRNA SB-mRENH2.

{6029 Also described herein are host cells, including isolated hematopoietic
stem cells (HSPC such as CD34+), comprising the ZFNs and/or polynucleotides {e.g.,

mRNAs} as described herein. Cells may be isolated from healthy subjects or,

i1
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alternatively, are autologous cells obtained from a subject with the condition to be
treated {e.g., TDT) and purified using standard technigues. The ZFNs genetically
modify the cells via insertions and/or deletions fllowing cleavage. Subsequently,
expanded {cultured) cells may no longer include the ZFNs (or polynucleotides

5 encoding these £FNs) but maintain the genetic modifications in culture (e.g.,
msertions and/or deletions within BCL11a). In certain embodiments, the genetic
modifications are wsertions and/or deletions (*indels”) made by NHET following
cleavage. Genetically modified cells as described herein exhibit different ratios of
globin (-, B~ and y-globin levels) as compared to untreated {non-genetically

10 modified) cells. In certain embodiments, the ratio of y-globin to B-globin and of v-
globin to a-globin is increased about 2 to 5§ or more-fold, including 3 to 4-fold as
compared fo untreated (untransfected) HSPCs. Furthermore, the genetically modified
cells described herein differentiate into all hematopoietic lineages, including ervthroid
progemitors {CFU-E and BFU-E)}, granulocyte/macrophage progenitors {CFU-

15 G/M/GM], and multi-potential progentiors {CFU-GEMM) and exhibit normal
karyotypes and morphology, which is indicative of a reconstitution of bematopoiesis,
{0030 In certain aspects, ex vivo therapies for TDT are described using the
genetically modified cells as described herein. In certain embodiments, the
genetically modified cells are autologous cells obtained from the subject to be treated,

20 which cells are then genctically modified as described herein and administered back
to the same subject. Cells obtained from the subjoct may be mobilized in the subject
using freatment with G-CSF and/or plerixafor. See, FIG, 5. In any of the methods
described herein, any amount of cells may be mobilized, for example about 5 x 1¢°,
about 10 x 10°, about 15 x 10°, about 20 x 10°, about 5 x 10°, about 10 x 10°, sbout 15

25 x 105 about 20 x 10, about 25 x 10° CD34+ HSPCs/kyg for genetic modification are
mobilized in the subject. The autologous cells are genetically modified as described
herein and cryvopreserved {e.g., using a controlled rate freezer) according to standard
technigues with cach aliquot {e.g., infusion bag) having a total cell count of
approximately 1.0 x 10° to 2.0 x 10° cells and can be stored in vapor phase lignid

3¢ witrogen (at < -130°C) at the manufacturing facility until they are ready to be shipped

to the chinical study center.
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{6031} in any of the methods described herein, the subject can receive
conditioning therapy prior to ex vive therapy with genetically modified cells, for
example, via intravenous {1V} administration of busulfan using an effective dose and
regimen. According o standard procedures, for example, busulfan is dosed at between
5 about (1.5 to 5 mp/kg {or any value therebetween). In cerfain embodiments, subjects

will recerve g myeloablative regimen of busulfan (about 3.2 mg/kg/day; IV via central
venous catheter) for up to 4 days (total dose of about 12.8 mg/kg prior to infusion),
for example on Days -6 through -3 before infusion of the modified HSPC on Day 0.
IV busulfan may be dosed once daily (total 6f 4 doses) or every 6 hours {total of 16

10 doses) according to study center practices or guidelines. After the first dose, the IV
busulfan dose will be adjusted based on pharmacokinetic sampling and study center
practices to target an area under the curve (AUCY of 4,000-5,000 mmol*min for daily
dosing or an AUC of 1,000-1,250 munol¥*min for every & hour dosing for a total
regimen target AUC of 16,000-20,000 nunol¥*min. IV busulfan pharmacokinetic

15  targeting may be modified for subsequent subjects. OUptionally, therapeutic drug
menttoring 1s conducted to determine clearance of busulfan after 4 days of dosing is
complete,
18032} In certain aspects, the ex vive therapies comprise thawing the frozen
genetically modified HSPC and infusing the cells into the subject, preferably within

20 about 15 to about 45 minutes of thawing. The volume of frozen modified HSPC
administered is determined by the subject’s weight. Vital signs (blood pressure,
temperature, heart rale, respiratory rate and pulse oximetry) are monitored prior to
infusion and afterwards. In certain embodiments, the subjects are monitored using
blood tests as well as analysis of HbF levels (baseline lovels of HbF fractions (A and

25  Fin g/dL} and percent HbY is determined based on the last assessment on or prior to
the date of first administration of TV busulfan), endocrine function, and/or performing
MRIs to assess iron load. In certain embodiments, the ex vive therapies result in
neutrophil and platelet recovery to within normal levels in the TDT subject from
within about two to four weeks of infusion. Subjects may also receive PRBC

30 transtusions 0, 1 or more times following HSPC infusion. In certain embodiments, by
woeks {e.g. 2, 3, 4, 5, 6, 7 or more) after infusion with the modified HSPC, total

hemoglobin levels remain stable or continue to rise in the subject.
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{66337 Following infusion, the modified HSPC may be monifored in the
patient to determine engraftment efficiency and/or modification heterogenicity. This
can be done, for example, by determining the genetic modification {“indel”) profile.
Cell samples may be purified from the peripheral blood, bone marrow aspirate or
other tissue saraples (preferably about 5 x 10% to 1 x 107 cells) and subject to genomic
DINA isolation for assessment. Bone marrow aspirate or other tissue samples may be
taken at various timepoinds, including at between about 6-9 months.

16034] In some embodiments, provided herein are methods of treatment that
reduce, delay, and/or eliminate additional treatment procedures as compared with a
subject that has not been treated with the methods and compositions as disclosed
herein, for exaruple wherein an effective amount of modified HSC/PC are
administered to a subject in need thereof, wherein the subject has a reduced, delayed,
and/or eliminated need for additional treatment procedures afier treatment. In some
embodiments, the additional treatment procedures can include, but are not limited to,
a bone marrow transplant, PRBC and/or other blood component transfusions, and
treatments related to iron chelation therapy.

{8638} In some embodiments, the ZFN useful in the compositions and
methods disclosed herein (e.g., a ZFN in which the members of the ZFN pair (left and
right) £FNs are delivered by two separate mRNAs) include mRNAs designated SB-
mRENHT and SB-mRENH2. In some embodirgents, the ZFNs in the BCL11A-
specific pair are delivered (e.g., to the HSC/PC) via electroporation, for example,
wherein one AAV comprises the left ZFN {e.g., SB-mRENH1} and another comprises
the right ZFN {e.g., SB-mRENH2}.

{6036} Thus, described herein are methods for altering hemoglobin expression
for the treatment and/or prevention of B-thalassemia (for example TDT). In certain
embodiments a ZFN pair comprising first and second (left and right) ZFNs, namely a
&-finger ZFN comprising a ZFP desigoated 63014 comprising the recogaition helix
regions as shown in Table 1 {e.g.. encoded by mRNA SB-mRENH1) and a 5-finger
ZEN comprising a ZFP designated 65722 comprising the recognition helix regions as
shown in Table 1 {e.g., encoded by mRBNA SB-mRENH2) is used for altering
hemoglobin levels in an isolated cell or cell of a subject, including for the treatment of

TDT. The ZFN pair binds to a 33-base pair {combined) target site in the erythroid-
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specific enhancer of the uman BCL11A gene at location chr2:60,495,250-
60,495,290 in the GRCh38/hg38 assembly of the human genome. In certain
embodinents, one mRNA eacodes both ZFNs of the pair. Alternatively, scparate
mRNAs, each encoding one ZFN of the pair are employed. In certain embodiments,
the mRNA sequences are shown in Example 1 (SEQ ID NO:15 and SEQ 1D NO:16).
160371 Optionally, the nuclease-encoding polynucleotides further comprise
sequences encoding small peptides (including but not limited to peptide tags and
nuclear localization sequences), and/or comprise mutations in one or more of the
DNA binding domain regions {e.g., the backbone of a zinc finger protein or TALE)
and/or one or more mutations in a Fokl nuclease cleavage domain or cleavage half
domain. When these polynucleotide components are used individually or in any
combination {e.g., peptide sequence such as FLAG, NLS, WPRE and/or poly A signal
in any combination}, the methods and compositions of the invention provide
swrprising and unexpected increases in expression of artificial nucleases with
increased efficiency (e.g., 2, 3, 4, 5, 6, 10, 20 or more fold cleavage as compared to
nucleases without the sequences/modifications described herein) and/or targeting
specificity. Thus, according to certain embodiments, the cells {populations of cells
and compositions comprising these cells and populations of cells) described herein are
specifically genetically modified by the mRNA(s) af the BCL11A locus, including
genetically modified cell populations (and compositions comprising these cells) in
which less than 10% (0 to 10% of any value therebetween), preferably less than 5% (0
to 3% or any value therebetween), even more preferably less than 1% of the cells (O to
1% or any value therebetween) and even more preferably less than 0.5% (0 to 1% or
any value therebetween) of the genetically modified cells include genetic
modifications made by the mRNA{s) outside the BCL11A locus (but may include
additional modifications such as inactivation of HLA markers). In some
embodiments, the nuclease is encoded by an mRNA and the mRNA optionally
comprises elements for increasing transcriptional and translational efficiency.

10038] The metheds and compositions of the invention can also inchude
nuations to one or more amino acids within the DNA binding domain outside the
residues that recognize the nucleotides of the target sequence {e.g., one or more

mutations to the ‘“ZFP backbone’ (outside the DNA recognition helix region)) that can

is
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interact non-specifically with phosphates on the DNA backbone. Thus, in some
embodiments, the methods and compositions disclosed herein includes mutations of
cationic amino acid residues in the ZFP backbone that are not required for nucleotide
target specificity. In some embodiments, these muiations in the ZFP backbone
5 comprise mutating a cationic arnino geid residue to a neutral or anionic amine acid

residue. In some embodiments, these mutations in the ZFP backbone comprise
mutating a polar amino acid residue t0 a neutral or non-polar amine acid residue. In
some emnbodiments, mutations at made at position (-3}, (-9} and/or position (-14)
relative to the DNA binding helix. In some embodiments, a zine finger may comprise

10 one or more mutations at (-3}, {-9) and/or {-14}. In some embodiments, one or more
zine fingers in a multi-finger zine finger protein may comprise mutations in (-3), {-9)
and/or {~14). In some embodiments, the amino acids at (-5}, {-9) and/or (14} {e.g.,, an
argiming (R} or lysine (K)} are mutated to an alanine (A), leucine (L), Ser (S}, Asp
(N}, Glu (E), Tyr (Y} and/or glutamine (3}, See, e.g., U.S. Patent Publication Ne.

15 2018/0087072.
{06039] In some aspects, the methods and compositions of the invention
include the use of sequences encoding exogenous peptide sequences fused to
cukaryolic fransgene sequences. In some embodiments, exogenous peptides are fused
to protein sequences post-trauslationally, and in other embodiments, the seguences

20 encoding the exogenous peptides are linked in frame (3 and/or §7) to sequences
encoding the artificial nuclesse {e.g., a fusion protein). In preferred embodiments, a
sequence encoding 3 FLAG sequences (3x FLAG peptide) is used (see, U.S. Patent
No. 6,379,903}, wherein the amino acid sequence is N-term DYKDHDG-DYKDHDI-
DYKDDDDK (SEQ 1D NO:1). Inclusion of one or more of such peptide sequences

25 {eg, 3X FLAG) can increase nuclease (cleavage) activity by 2, 3,4, 5,6, 7, 8, 9, 19,
11 or more-fold as compared to nucleases without the peptide sequences.
{00441 in some aspects, the mRNA encoding an artificial nuclease comprises
a nuclear localization peptide sequence (NLS). In some embodiments, the NLS
comprises the sequence PKEKRKYV (SEQ 1D NO:2) from the SV40 virus large T

30 gene (see, Kalderon e af, (1984) Nature 311{5981):33-8). Inclusion of one or more

of NLS sequences as described herein can increase nuclease (cleavage) activity by 2,
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3,4,5,6,7, 8,9, 10, 11 or more-fold) as compared to nucleases without the peptide
SSGUEnces.

[0841) In some embodiments, the methods and compositions disclosed herein
comprise dosing of a compeosition of the invention (for example, the modified
HSC/PC)Y, for example, via a peripheral vein catheter. In some embodiments, the
composition is administered to the subject which is then followed by administration of
norinal saline (NS} or phosphate buffered saline (PBS). In some embodiments, the
subject receives a total dose of modified cells of between about 3.0 x 10° cells/kg and
about 20 x 10° cells/kg {or any value therebetween). Any dose in the range of about
3.0 x 1¢° to about 20 x 10° cells/kg may be used.

10042} In some embodiments, the subject has delayed, reduced or eliminated
need, for example, for additional therapeutic procedures after receiving a total dose of
between about 3.0 x 10° to about 20 x 10° cells/kg.

043§ In another aspect, disclosed herein i a method of reducing, delaving or
climinating the thalassemia-related disease biomarkers following treatment with the
methods and compositions in a subject with - thalassemia as compared with the
subject prior to treatinent with the methods and compositions of the invention.
Determination of thalassemia-related biomarkers, including HbA, HbF,
erythropoietin, haptoglobin, hepeidin, thyroid hormones, IGF-1, cortisol, ACTH and
vitamin 13 may be measured by standard clinical laboratory protocols, the methad
comprising, for example, administering to the subject an effective amount of modified
HSC/PC wherein the subject has reduced, delayed or eliminated thalassemia-related
disease biomarkers after treatment. In some embodiments, levels of HbF increase by
about 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 150%, 200%,
300%, 400% or more {or any value therebetween) following treatment by the methods
disclosed hersin.

18044} In another aspect, disclosed herein is a method of reducing, delaying or
eliminating the use of PRBC transfusions and infusion of other blood products
meluding, but not fumited to, platelets, intravenous immunoglobin (IVIG), plasma and
granulocytes following treatment with the methods and compositions in a suhject with
8- thalasseria as compared with a subject that has not been treated with the methods

and compositions of the invention. In some embodiments, the use of PRBC and/or
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other blood product is decreased by about 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, 100% or any value therebetween in a subject treated with the methods
disclosed herein as compared (o the subject prior to receiving treatment. In some
embodiments, the use of PRBC and/or other blood product infusions is eliminated.
{B8045] In another aspect, disclosed herein is a method of reducing, delaying or
climinating the symptoms associated with iron overload in 8 subject with B~
thalassemia. In some embodiments, markers of endocrine dysfunction as a result of
iron deposition in endocrine organs {for exampie, thyroid markers, IGF-1, morming
cortisol, HbAIC and Vitamin D) become normalized in a subject after treatiment with
the methods and compositions of the invention as compared to the marker levels prior
to treatment. In some embodiments, iron overload in the Hver and heart is decreased
in a subject following treatment with the methods and compositions disclosed herein
as compared with the subject prior to treatment. Tron overload can be evaluated by
standard MRI procedures. In some embodiments, iron over load in the Hver and/or
heart detected by MRI is decreased by about 5%, 10%, 20%, 30%, 40%, 50%, 6(%,
70%, 80%, 90%, 100% or any value therebetween in a subject treated with the
methods disclosed herein as compared fo the subject prior to receiving treatment.
{6046} In another aspect, disclosed herein is a method of reducing, delaying or
eliminating the symptoms associated with osteoporosis and/or bone fractures in a
subject with B-thalassemia. 1n some embodiments, bone density is increased in
subjects treated with the methods and compositions disclosed herein in comparison
with the subjects prior to treatment. In some embodiments, osteoporosis and bone
fractures are reduced or eliminated in a subject treated with the methods and
compositions disclosed herein in comparison with the subject prior to treatment. In
some embodiments, osteoporosis and/or bone fractures are amnecliorated by about 5%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100% or any value therebetween
in a subject treated with the methods disclosed berein as compared to the subject prior
1o receiving {reatment.

{0847} In another aspect, disclosed herein is a method of reducing, delaying or
glirnating erythroid hyperplasia in a subject with TDT, the level of imumature cells

and ervthroid precursors in the bone marrow in a subject following treatment with the
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methods and compositions disclosed herein as compared to the subject prior to
treatment.
{3048} In another aspect, provided herein is an article of manufacture
comprising a package (for example, a bag) comprising compositions comprising
S genetically modified autologous HSC/PC as described herein. The article of
manufacture {e.g., bag) may be formulated for frozen storage, for example in
CryoStor® C8-10 cryomedia (SigmaAldrich) containing 10% DMSO. Bach bag can
* contain any concentration of cells. In certain embodiments, each bag contains

approximately 1.0 - 2.0 x 10® cells per bag at a concentration of approximately 1 x 107

10 celis/ml.
{6049} in a further aspect, described herein are methods of monitoring the
modification profile (e.g., number and/or types of insertions and/or deletions
generated following cleavage, typically by NHET of the cleaved sequence) a
population of genetically modified cells as deseribed herein. The monitoring may be

15 conducted before and/or after administration to the subject to determine if one type of
modification {clone} predominates in the population, as such jackpotting may resultf in
unwanted proliferation of a particular clonal population. In certain embodiments, the
population of genetically modified cells is monitored for the type of modification
{insertions and/or deletions, also referred to as “indel/profile”) using standard

20 technigues such as sequencing or the like. In certain embodiments, the population of
cells is assayed prior to administration to determine a baseline of the pattemn of
moedifications {indel profile) and subsequently monitoring after infusion to determine
that the indel profile of the engrafied cells is being maintained, such there is not
aberrant outgrowth of one clonal population of cells. The monitoring may be

25 conducted over time (multiple times) before and/or after infusion. Thus, the methods
described herein may further comprise monitoring the population of genetically
modified cells before and/or after infusion to determine the indel profile is remaining
the same over time,
{6050] From the description herein, it will be appreciated that that the present

30 disclosure encompasses multiple embodiments which inchude, but are not limited to,

the following:
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{80511 Genetically modified cells comprising red blood cell (RBC) precursor
cells comprising SB-mRENHT mRNAs and SB-mRENH2 mRNAs, which mRNAs
encode a ZFN pair; and a genomic modification made following cleavage by the ZFN
pair, wherein the modification is within an endogenous BCL1IA enhancer sequence,
such that the BCL11A gene is inactivated in the cell. Also included are cells
descended therefrom.

18082} Axn ex vive method of treating a beta-thalassemia (B-thalassemia) in g
subject in need thereof, the method comprising: administering a composition
according o any of the erabodiments described herein to the subject such that fetal
hemoglobin (HbF)} production in the subject is increased and one or more clindcal

symptoras of B-thalassemia are decreased, ameliorated, or eliminated.

{3853} An ex vivo method according to any of the preceding embodiments

described herein, wherein the beta-thalassemia is transfusion-dependent -
thalassomia.

[00354] An ex vive rmaethod according to any of the preceding embodiments
described herein, whersin a change from baseline of clinical laboratory hemoglobin
factions in grams/dL plasma and/or percent HbF of total hemoglobin (Hb) is achieved
int the subject.

(8435} An ex vive method according to any of the preceding embodiments
described herein, wherein the hemoglobin factor is adult hemoglobin (HbA) and/or
fetal hemoglobin (HbBF).

{60561 An ex vivo method of according o any of the preceding embodiments
described herein, wherein the subject is B%/8" or %8

{00571 An ex vive method according 1o any of the preceding embodiments
described herein, wherein levels of thalassemia-related disease biomarkers are altered
following treatment.

{B0SE] An ex vivo method according to any of the preceding embodiments
described herein, wherein the biomarkers are changes in iron metabolism; and/or
changes in levels of erythropoietin, haptoglobin and/or hepcidin,

10059} An ex vive method according to any of the preceding embodiments
described herein, wherein the clinical symptoms associated with iron overload or

associated with baseline transfusion therapy are ameliorated or elimainated.
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[8068] An ex vivo method according to any of the preceding embodiments
described herein, wherein a decrease in endocrine dysfunction in the subject is
assayed by determining levels and/or activity of thyroid hormones, IGF-1, moming
cortisol, adrenocorticotropic hormone (ACTH), HbA 1T, and/or vitamin D levels.
FHEE S An ex vive method according to any of the preceding embodiments
described herein, wherein the need for RBC transfusions and infusion platelst
transfusion, intravenous immunoglobin (IVIG) transfusion, plasma transfusion and/or
granulocyte transfusion in the subject is{are} reduced or eliminated.

{8362} An ex vive method according to any of the preceding embodiments
described herein, wherein the clinical symptom reduced or eliminated in the subject is
liver disease.

{0063] An ex vive method according to any of the preceding embodiments
described herein, wherein the clinical symptoms reduced or eliminated in the subject
are cardiac abnormalities.

180641 An ex vive method according to any of the preceding embodiments
described herein, wherein the clinical symptoms reduced or eliminated in the subject
i8/are osteoporosis and/or fracures.

[8068] An ex vive method according to any of the preceding embodiments
described herein, wherein baseline ervthropoiesis is changed in the subject following
adrministration of the composition.

{0066] Axn ex vivo method according to any of the preceding embodimenis
described herein, wherein hyperplasia is reduced or eliminated in the subject
following administration of the composition.

{80671 An ex vivo method according to any of the preceding embodiments
described herein, wherein the number of immature and/or cells with non-typical
morphologies is/are reduced in the subject.

{6068] An ex vivo method according to any of the preceding embodiments
described herein, wherein the murgber and percent of F cells in the subject 18 modified
following administration of the composition.

{80369} An ex vivo method according to any of the preceding embodiments

described herein, wherein the genetically modified cells are sutclogous or allogeneic.
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{8070] An ex vive method according to any of the preceding embodiments
described herein, wherein the BCLI 1 A-genetically modified cells further comprise
one or more additional genetical modifications.

8071} An ex vive method according to any of the preceding embodiments
described hercin, wherein the genetically modified cells are allogeneic cells and the
one or more additional genetic modifications comprise inactivation of one or more
seifumarkers or antigens.

{807 An ex vive method according to any of the preceding embodiments
described herein, wherein the genetically modified cells are hematopoietic stem cells
isolated from the subject.

{8073] An ex vive method according to any of the preceding embodiments
described herein, wherein the hematopoietic stem cells are CD34+ hematopoietic
stem or precursor cells (HSC/PC) and the CD34+ HISC/PC are mobilized in each
subject by treatment with one or more doses of G-CSF and/or one or more doses of
plerixafor prior to isolation.

{0074] An ex vivo method according o any of the preceding embodiments
described herein, wherein at least 25 x 10° CD34+ HYPCs/kg are mobilized in the
subject and the mobilized cells are harvested by one or more apheresis cycles.
18075} An ex vive method according to any of the preceding embodiments
described herein, further comprising, prior to administering the composition
comprising the genetically modified cells to the subject and evaluating the cells of the
compoesition for insertions and/or deletions within BCL1IA.

{8676} An ex vive method according to any of the preceding embodiments
described herein, further comprising administering with one or more myeloablative
condition agenis one or more times to the subject prior to administration of the
composition comprising the genetically modified cells.

{86771 An ex vivo method according to any of the preceding embodiments
described herein, wherein the myeloablative agent comprises busulfan and further
wherein: fntravenons {(IV) administration of the busulfan is between 0.5 to 5 mg/kg
for one or more times; 1V administration of the busulfan is 3.2 mg'kg/day; IV via

central venous catheter for 4 days total dose of 12.8 mg/kg prior to infusion on Days -
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6 through ~3 before infusion of the composition comprising the genetically modified
cells on Day O; or IV administration of the busulfan is once daily or every 6 hours,
{80478} An ex vivo method according to any of the preceding embodiments
described herein, wherein the dose of genstically modified cells administered o the
subject is between 3 x 10° cells/kg and 20 x 10° cells/ke.

{6079] An ex vivo method according to any of the preceding embodiments
described herein, wherein the genetically modified cells administered to the subject
are formulated with approximately 1.0- 2.0 x 10® cells per bag at a concentration of
approximately 1 x 107 cells/mlL.

18086} An ex vive method according to any of the preceding embodirments
described herein, wherein the genetically modified cells are cryopreserved prior to
administration and are administered to the subject within about 15 minutes of
thawing.

{60813 An ex vive method according to any of the preceding embodiments
described herein, further comprising monitoring the subject’s vital signs prior to,
during and/or afler admindstration of the genetically modified cells.

{8082} An ex vivo method according to any of the preceding embodiments
described herein, further comprising assessing hemoglobin, neutrophil and/or platelet
levels in the subject prior to adminisiration of the genetically modified cells to
determine baseline levels of hemoglobin in the subject,

{083 An ex vivo method according to any of the preceding embodiments
described herein, wherein hemoglobin, neutrophil and/or platelet levels in the subject
after administration of the genetically modified cells increase or remain stable as
compared to bascline levels for weeks or months after administration.

{0084 An ex vive method according to any of the preceding embodiments
described herein, wherein the subject recetves one or more packed red blood cell
{(PRBC)ransfusions prior to and/or afler administration of the genetically modified
cells.

jB085] An ex vive method according to any of the preceding embodiments
described herein, wherein the need for additionally therapies such as a bone marrow
transplant, blood component and/or iron chelation therapy PRBC transfusions in the

subject are reduced or eliminated.
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0086} An ex vive method according to any of the preceding embodiments
described herein, wherein the need for additional therapies is reduced or eliminated
within 1-20 days of administration of the genetically modified cells.

{8087} An ex vive method according to any of the preceding embodiments
described heretn, wherein the subject is monitored over time post administration to
determine the indel profile of cells isolated from peripheral blood samples, bone
marrow aspirates or other tissue sources in comparison with the indel profile of the
infused cells to monitor stability of the graft in the subject.

[6088] An ex vive method according to any of the preceding embodiments
described herein, wherein the indel profile of the cells is monitored prior to
adminisiration to the subject.

{B08Y] An article of manufactore comprising a package comprising a
composition according to claim 2 formulated in CryoStor® 8-10 cryomedia.
[6694] The article of manufacture according to any of the preceding
embodiments described herein, wherein each bag contains approximately 1.0-2.0x
10% cells per bag at a concentration of approximately 1 x 107 cells/mL.

8081} These and other aspects will be readily apparent to the skilled artisan in

Hght of disclosure as a whole.

BRIEE DESCRIPTION OF THE DRAWINGS
18092} FIG. 1 s an tllustration {adapted from Hardison & Blobel (2013)

Science 342{6155):206-7) of effects of low, elevated and high fetal hemoglobin levels
on subjects comprising adult hemoglobin mutations (for example sickle cell disesse or
B-thalassemia). Shown on the far left (“low fetal hemoglobin:”) is a subject with a
mutation in adult hemoglobin and wild-type ESE BCL11A, in this case the subject
has normal {low) levels of fetal hemoglobin, resulting in disease symptoms in the
subject, In the middle (“elovated fotal hemoglobin™), the subject has the adult
hemoglobin mutation, but also has mutations in their BCLI1A gene such that
BCL11A expression is decreased but not eliminated, which resulis in elevated fetal
globin levels. The subject experiences some disease amelioration due to the fetal
globin “replacing” some adolt globin functioning, In the far right (“high fetal

hemoglobing, the subject has the adult globin mutation but has a deletion in the
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BCL11A enhancer, such that the subject exhibits full expression of fetal globin, This
subject will experience even greater in symptom improvement by virtue of full
BCL11A inactivation.

0093} FIG, T depicts fetal {also referred to as gamma globin or y globin)
fevels in CD34+ HSC/PC harvested from healthy volunteers (PB-MR-003 and PB-
MR-(04} and modified by SB-mRENH1 and SB-mRENH2. Ratios of y-globin (sum
of the Ay-globin and Gy-globin peaks} to a-globin and y-globin to f-like-globin (sum
of the Ay, (v, B and 8-globin peaks) as determined by UPLC analysis of protein
samaples from Day 21 of the erythroid differentiation of the modified HSPC are
depicted under the indicated conditions. 48 hours after clectroporation, the cells were
harvested and frozen. Cells were thawed and used to study in vitre ervihropoiesis and
globin production. As shown, the ratio of y-globin to B-globin and of y-globin to «-
globin was increased approximate 3- to 4-fold in the erythroid progeny of the treated
HEC/PC compared to the uniransfected cells (the protein data was also supported by
measurement of y-globin mRNA levels). In each group, the bar on the left represents
the ratio of y-globin/o-globin and the bar on the right represents the ratio of y-
globindtotal B-like-globin.

{6094 FIG. 3A through FIG. 3C depict graphs showing the frequency and
time course of double strand breaks in modified HSPC. FIG. 3A shows a time course
of number of 33BP1 foct/cell over 7 days post-transfection (“dpt”} (Mean + 8D
53BP +toci/cell}. FIG. 3B and FIG. 3C show the percent of total cells with various
numbers (1 to 5+) of 53BP1 foci/cell on Day 1 (FIG. 3B) and Day 7 (FIG. 3C) post-
transfection. * P < 0.05 vs. control.

{4695]) FIG. 4 is an illustration of the probe sets used to detect chromosomal
translocations. The top panel depicts clyomosome segments encompassing the
BCL11A enhancer on-target site {solid) and an off-target site (hatched). The bottom
panel sketches positive control reagents (gBlocks) for detection of the corresponding
transiocation products. Also shown are the approximate primer and probe locations
used in the TagMan assay, The chockered segment within each gBlock is a unique
sequence inserted into sach control reagent to distinguish it from a true translocation

product and allow for monttoring of potential cross-contamination, Product 1 gBlocks
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were probed in the BCL11A region of the fragment. Product 2 gBlocks were probed
in the off-target region of the fragment.

18096] FIG. § is a schematic depicting a treatment protocol using genetically
modified HSPC {also referred to as “ST-4007). “G-CSF” refers to granulocyte
colony-stimulating factor; “HSPC” refers to hematopoistic stem progenitor cells;

IV refers to, intravenous; “RBC refers to red blood cells; and “ZFN" refers to zine
finger nuclease.

(8097} FIG. 6A and FIG, 6B are graphs depicting total hemoglobin and fetal
hemoglobin in g patient treated with modified HSPC (“ST-400") as described herein
{see, e.g., FIG. ). FIG. 6A is a shows hemoglobin F levels (% of hemoglobin) at the
indicated study day. FIG. 6B shows hemoglobin levels (g/dL} on the indicated study
day. Arrows show when the patient received a transfusion of PRBC. The modified
HEPC were administered on day 0. The data demonstrates that the patient had an
increase of fetal hemoglobin to nearly 31% of the total hemoglobin 50 days after
infusion. The data also demonstrate that although the patient typically received
PRBC every two weeks for the two years prior to treatment, the patient did not require
any PRBC between day 10 and day 50 following ST-400 infusion,

{8098} FIG. 7A through FIG. 7C depicts the 10 most frequent indels
{(insertions and/or delctions) detected by next-generation sequencing of nucleated
blood cells (bone marrow aspirates, circolating leukoceytes, or peripheral blood
monenuclear cells, as available) are shown per patient at each timepoint. FIG. 7A
shows Patient 1; FIG. 78 shows Patient 2; FIG. 7C shows Patient 3. No emerging
dommnance worrisome for hematopoictic clonality has been observed over time. Indel
narning convention: “I” refers to insertion; “I3” refers o deletion; the first number
refers to the start of indel from reference base pair (“*” refers to nucleotides flanking
indel and could align to either side of the indel}; and the number following colon
refers to the muruber of base pairs inserted or deleted. As noted, day 56 data not
available for Patient 2 (FIG. 7B).

{80991 FIG. 8 depicts HbF levels in patients 1, 2 and 3 at the indicated times
post treatment with $T-400. The genotype causative of beta thalassemia for each

patient is also shown in each graph.
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DETAILED DESCRIPTION

{0166 Disclosed herein are compositions and methods for genome
engineering for the modulation of BCL11A, garmma globin, and combinations of
BLCI1A and gamma globin expression and for the treatment, prevention, or
treatment and prevention of hemoglobinopathies. In particular, via targeting with
nucleases comprising the ZFPs having the recognition helix regions s shownina
single row of Table 1, disruption of an enhancer of BCL11A is efficiently achieved in
HSC/PC and results in a change in relative gamma globin expression during
subsequent erythropoiesis. This moduolation of BCL11A and gamma globin
expression 18 particularly useful for treatment of hemoglobinopathies {e.g., beta
thalassemias such as TDT, sickie cell disease) wherein there is insufficient beta globin
expression or expression of a mutated form of beta-globin. Using the methods and
compositions described herein, the complications and disease related sequelae caused
by the aberrant beta globin can be overcome by alteration of the expression of garmma
globin in ervthrocyte precursor cells. In particular, the compositions and methods
described herein overcome the issues associated with allogeneic hernatopoietic stem
cell transplantation (HSCT). These issues include being Urnited by donor availability
and the risks of graft failure and grafi-vs-host disease following allogenic transplant.
{3141} High-precision gene editing of the GATA-binding region in the
intronic erythroid-specific enhancer of BCL11A in hematopoietic stem or progenitor
cells as described herein results in persistently high expression of fetal hemoglobin
(HbF) without adversely atfecting normal muiti-lineage hematopoiesis. As such, the
genetically modified cells can be used for ex vive treatment of hemoglobinopathies
such as TDT. Fetal hemoglobin (HbF) is the major homoglobin present during
gestation until birth. HbF is generated by combining the protein product of one of two
8-like globin genes, Gy-globin and Ay-globin, known collectively as y-globin, with o-
globin protein as tetramers (02y2). HbF levels decline progressively after birth as y-
globin protein production decreases, and around 6-12 months of age is largely
replaced by adult hemoglobin, which consists of a tetramer of B-globin and g-globin
proteins (2f2). Concomitant with this decline in HbF levels, the symptoms of TDT
frequently become clinically apparent in infants. HbF normally only plays a minor

role in normal adult physiclogy. However, published studies have demonstrated that
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congenital, acquired, and drug-induced increases in HbF are associated with reduced
morbidity and improved chinical outcomes in patients with TDT. For example, large
unbiased genetic studies have identified associations between TDT disease severity
and quantitative trait loct such as BCL11A that is associated with increased levels of
HbF (Thein ef af. (2009) Hum Mol Genet 13(R2):R216-23), wherein the level of HbF
is often proportional to the degree of attenuation of TDT sympiomology (Musallam er
al. (2012} Blood 119(2):364-7). Additionally, there are case reports of failed
allogeneic HSCTs in TDT patients with grafl rejoction that serendipitously resulted in
persistent high HbF levels, after which the patients were reported to be transfusion-
independent (Ferster of al. (1995) Br. J Haematol 93{(4):804-8; Paciaroni & Lucarelli
{2012} Blood 119(4):1091-2). HBF production is increased by hydroxyures {Walker ef
al (2011} Blood 118(201:5664-70), However, hydroxyores has been only variably
effective in B-thalassemia, with greater efficacy in -thalassemia intermedia than TDT
(Charache ef al. (1995Y N Engl J Med 332(20):1317-22; Ansari er al. (2011} .7 Pediatr
Hematol Oncol 33(83:339-43; Singer ef al, (2008} Am J Hemato! R3{11): 842-5).
Furthermore, the effects of hydroxyurea are palliative, and its use requires regular
monitoring for cytopenias and other toxicities.

{3162} BCL11A is a wanscription factor that plays many roles in development
andd hematopoiesis, Genome-wide association and functional follow-up studies in cell
and animal models have shown that BCL11A is an important silencer of HbF
expression. In a seminal study, disraption of BCL11A by ervthroid-specific
conditional knockout in a2 transgenic huomanized mouse model of sickle cell discase
{(SCE lead to fatlure of hemoglobin switching, maintenance of high-levels of HbE,
and significant improvements in the hematologic and pathologic characteristics
agsociated with SCD (Xu ef af. (2011} Science 334(6058):993-6}. Thus, inhibition of
BCL11A appears 1o be a potentislly effective strategy for treating B-globin disorders
such as TDT and SCD in humans, However, targeting the BCL11A gene for
therapeutic approaches poses challenges due to the crucial role of BCLITA in
development and hematopoiesis (Brendel ef af, (2016) J Clin fnvest 126{1(:3888-
3878}). An alternative strategy targets an erythroid-specific enhancer (ESE) element
that is located in the second intron of the RCL11A and that is required for BCL1TA

expression in eryvihroid cells but not in other lineages. The enhancer clement was
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found to contain 8 commeon genetic variation associated with higher HbF levels
{Bauer ef ol (2013) Science 342(6155%:253-7}. It is theretore hypothesized that
modification of this erythroid-specific enhancer of the BCLI1A gene could boost
endogenous HbF levels in erythroid cells without deleterious effects on global
BCL1IA fonction (Hardison & Blobel (2013) Science 342(6155):206-71.

{6183} Safety of a subject following treatment with modified HSPC is of
vtmost concern. Thus, in any of the methods described herein, the modified HSPCs
may be monitored following infusion to assess whether the modified cells are
maintained in the subject over time. In addition, NHE] following nuclease cleavage
results in a population of cells that includes a varisty of different insertions and/or
deletions, also referred to as the indel profile. Insertions and/or deletions (indels) may
be of any length and in any combination of insertions and deletions, including, but not
Hmited to, from 0 to 10 kb nucleotides deleted; from ¢ o 10 kb nucleotides inserted;
from 0 to 10 kb mucleotides deleted with from 1 to 10 kb nucleotides inserted; and/or
from 1 to 10 kb nuclectides deleted with from € o 10 kb nucleotides inserted. Indel
profiles can vary widely as between patients. For instance, as shown in FIG. 7TA
through FIG. 7C for patients 1, 2 and 3, indels profiles for the 10 most common indels
are shown for each patient, where “I” refers to insertion; “IY” refers to deletion; the
first number refers to the start of indel from reference base pair (7 refers to
nucieotides flanking indel and could align to either side of the indel); and the number
following colon refers to the nunvber of base pairs inserted or deleted. As shown, the
most common indels varied from 1 to 28 nucleotides and started between
approximately 50 and 70 (on either side) of the reference base pair. Furthermore, in
all patients, “all other indels” made up over 40% of the indels evaluated.

Additionally, as shown, indel profiles can change over time.

{0164} Also described herein are methods of monitoring the genetically
modified HSPCs to determine thelr indel profife. In certain embodiments, an indel
profile of the ex vive genetically modified cells is determined before infusion and
monttored over time following administration to the subject. Such monitoring assures
that the pattern of distribution of indels in the engrafted cells is being maintained, and
that there is not aberrant cuigrowth of one clonal population of cells, a phenomenon

also known as jackpotting, in which one clonal population grows faster than the rest
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{see, e.g.. Heddle (1999} Mutagenesis 14(3%:257-260), which might lead to unwanted
overgrowth of a cell type dertved from that modified HSPC with respect to the normal
celluiar homenstasis of the HSPC within the body. Montioring of the indel profile
may be conducted using any standard techniques, for cxample by sequencing or other
method.

{8105] Thus, provided herein are genetically modified cells {e.g., red blood
cell (RBC) precursor cell such as a CD344+ hematopodetic stem cell or ervibroid
precursor cell} comprising (i) SB-mRENH1 mRNAs and SB-mRENHZ mRNAs (as
shown in SEQ ID NO:135 and SEQ [D NO:16), which mRNAs encode a ZFN pair;
and (i1} a genomic modification made following cleavage by the ZFN pair, wherein
the modification is within an endogenous BCL11A enhancer sequence, such that the
BCLITA gene is inactivated in the cell, Also provided are cell populations
comprising these genetically modified cells; genetically modified cells descended
from therefrom; cell populations comprising the genetically modified cells and cells
descended therefrom; and compositions comprising the genetically modified cells
and/or cells descended therefrom. The cells, cell populations, and compositions
described herein may be autologous {from the subject) and/or allogeneic cells.
Furthermore, the genetically modified cells may include one or more additional
genetic modifications, including but not limited to cells in which one or more self-
markers or antigens are inactivated (knocked-out}.

{6106] Ex vivo cell therapies using these cell populations and/or compositions
are also provided, for example ex vivo methods of treating a subject with beta-
thalassemia ($-thalassemia} by administering a composition comprising genetically
modified cells (and/or cells descended therefromy as described herein to the subject
such that fetal hemoglobin (HbF) production in the subject {e.g.. BYA% or B%8") is
increased and one or more clinical symptoms of f-thalassemia (e g., transfusion-
dependent B-thalassemia) are decreased, ameliorated or eliminated. In certaiu
embodiments, a change from baseline of clinical faboratory hemoglobin fractions
{adult or fetal hemoglobing in grams/dL plasma and/or percent HBF of total
hemoglobin (Hb} is achieved in the subject. In other embodiments, levels of
thalassermia-related disease biomarkers {e.g., changes in fron metabolism; and/or

changes in levels of erythropoietin, baptoglobin and/or hepeidin) are altered following
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treatment (adminisiration of the genetically modified cells). Clinical symptoms that
may be decreased, amehiorated or eliminated include but are not Hrmited to: clinical
symptoms associated with iron overload or associated with baseline transfusion
therapy {e.g., a decrease in endocrine dysfunction in the subject assayed by
determining levels and/or activity of thyroid hormones, IGF-1, morning cortisol,
adrenocorticotropic hormone {ACTH), HbAIC, and/or vitamin D levels); the need for
RBC transfusions and fnfusion platelet transfusion, intravencus immunoglobin QVIG)
transfusion, plasma transfusion, and/or gramulocyte transfusion; liver disease; cardiac
abnormalities; osteoporosis; and/or fractures. Ex vive methods as described herein
may also result in a change in baseline ervthropoiesis in the subject following
administration of the composition, including but not limited to, reduction or
elimination of hyperplasia; reduction in the number of immature and/or cells with
non-typical morphologies; and/or a change {modification) in the number and percent
of F cells in the subject.

{0107} fn any of the methods described herein the genetically modified celis
are hematopoietic stem cells {e.g., CD34+ HSC/PC) isolated from the subject,
optionally in which the CD34+ HSC/PCs are mobilized {e.g., at least 25 x 10° CD34+
HSPCs/kg) in each subject by treatment with one or more doses of G-C8F and/or one
or more doses of plerixafor prior {o isolation and the mobilized cells are harvested by
onte or more apheresis eycles. Furthermore, the composition comprising the
genetically modified cells may be evaluaied for insertions and/or deletions within
BCL11A {(on-target modifications) and/or other non-BCL11A region {off-target
modifications). Prior to administration of the composition comprising the genetically
modified cells, the subject may be treated with (administered) one or more
myeloablative condition agents one or more times, for example, busulfan
administered: intravenously (1V) at between 0.5 to 5 mg/kg for one or more times; [V
at 3.2 mg/kg/day; IV via central venous catheter for 4 days total dose of 12.8 mg/kg
prior to infusion on Days -6 through -3 before intusion of the composition comprising
the genetically modified cells on Day 0; or IV once daily or every 6 hours, Any dose
of genetically modified cells can be used, for example, between 3 x 10° cells/kg and
20 x 10 cells/kg (e.g., where the cells are formulated with approximately 1.0- 2.0 x

108 cells per bag at a concentration of approximately 1 x 107 cells/mL). The
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genetically modified cells may be cryopreserved prior to adminisiration and may be at
any time after thawing, incloding but not Himited to within about 15 minutes to about
45 minutes of thawing. The methods may further comprise monitoring the subject’s
vital signs prior to, during and/or after administration of the genetically modified
cells; and/or assessing hemoglobin, neutrophil and/or platelet levels in the subject
prior {o administration of the genetically modified cells to determine baseline levels of
hernoglobin in the subject. In certain embodiments, hemoglobin, neutrophil and/or
platelet levels in the subject after admindstration of the genetically modified cells
inerease or remain stable as compared 1o baseline levels for weeks or months after
administration. Optionally, the sobject may receive one or more PRBC transfusions
prior to and/or after administration of the genetically modified cells. In any of the
methods described herein, afler administration of the composition to the subject, the
need for additional therapies such as a bone marrow transplant, blood component, fron
chelation, and/or therapy PRBC transfusions in the subject are reduced or eliminated,
for example within about 1 © 30 or more days, including 1-20 days. The cells and
subject may also be monitored before and/or after administration for example to
determine the indel profile of cells isolated from peripheral blood samples, bone
martow aspirates, or other tissue sources in comparison with the indel profile of the

infused cells fo in order to monitor stability of the graft in the subject.

General
11108} Practice of the methods, as well as preparation and use of the
compostiions disclosed hercin employ, unless otherwise indicated, conventional
techniques in molecular biology, biochemistry, chromatin stracture and analysis,
computational chemistry, cell culture, recombinant DNA and related fields as are
within the skill of the art. These techniques are fully explained in the lterature. See,
for example, Sambrook ef ¢/, MOLECULAR CLONING: A LABORATORY
MANUAL, Second edition, Cold Spring Harbor Laboratory Press, 1989 and Third
edition, 2001; Ausubel ef of , CURRENT PROTOCOLS IN MOLECULAR
BIOLOGY, Iohn Wiley & Sons, New York, 1987 and periodic updates; the series
METHODS IN ENZYMOLOGY, Academic Press, San Diego; Wolffe,
CHROMATIN STRUCTURE AND FUNCTION, Third edition, Academic Press, San
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Diego, 1998; METHODS IN ENZYMOLOGY, Vol. 304, “Chromatin” (.M.
Wassarman and A, P. Wolffe, eds.), Academic Press, San Diego, 1999; and
METHODS IN MOLECULAR BIOLOGY, Vol. 119, “Chromatin Protocols” (P.B.

Becker, ed.} Humana Press, Totows, 1999,

Definitions
{8169 The terms “nucleic acid,” “polynucieotide,” and “oligonuciectide” are used
interchangeably and refer to a deoxyribonuclestide or ribonucleotide polymer, in linear or
circular conformation, and in either single- or double-stranded form. For the purposes of
10 the present disclosure, these terms are not to be construed as Hmiting with respect to the
length of a polymer. The terms can encompass known analogues of natural nucleotides, as
well as nucleotides that are modified in the base, sugar and/or phosphate moieties {e.g.,
phosphorothioate backbones). In general, an analogue of a particular nucleotide has the
sarne base-pairing specificity; i ¢, an analogue of A will base-pair with T.

39 6L

15 [Biig The terms “polypeptide,” “peptide” and “protein” arc used interchangeably
to refer to a polymer of amino acid residues. The term also applies fo amino acid polyrmers
in which one or more aming acids are chemical analogues or modified derivatives of
corresponding naturally-occurring amine acids,

8111} “Binding” refers to a seguence-~-specific, non-covalent interaction

20 between macromolecules {e.g., between a protein and a nucleic acid). Not all
components of a binding interaction need be sequence-specific {e.g., contacts with
phosphate residues in a DNA backbone), as long as the interaction as a whole is
sequence-specific. Such interactions are generally characterized by a dissociation
constant (Kq) of 10° M7 or lower. “Affinity” refers to the strength of binding;

25  increased binding affinity being correlated with a lower Ka.

10112} A “binding protein” is a protein that is able to bind non-covalently to
another molecule. A binding protein can bind to, for example, a DNA molecule {a DNA-
binding protein}, an RNA molecule (an RNA-binding protein) and/or a protein molecule (a
protein-binding protein}. In the case of a protein-binding protein, it can bind to itself {to

33 form homodimers, homotrimers, efc.} and/or it can bind to one or more molecules of a

different protein or proteins. A binding protein can have more than one type of binding
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activity. For example, zinc finger proteins have DNA-binding, RNA-binding and protein-
binding activity.
{0113} A “zinc finger DNA binding protein” {or binding domain} is a protein, or a
domain within a larger protein, that binds DNA in a scquence-specific manner through one
3 or more zine fingers, which are regions of amino acid sequence within the binding domain

whose structine is stabilized through coordination of a vinc ion. The term zine finger
DNA binding protein is often abbreviated as zinc finger protein or ZFP. The term “zinc
finger nuclease” includes one ZFN as well as a pair of ZFNs (the members of the pair are
referred to as “left and right” or “first and second” or “pair”) that dimerize to cleave the

10 target gene.
{0114} A “TALE DNA binding domain” or “TALE” is a polypeptide comprising
one or more TALE repeat domains/units. The repeat domains are involved in binding of
the TALE to tts cognate farget DNA sequence. A single “repeat unit” (also referred to as a
“repeat”) is typically 33-35 amino acids in length and exhibits at least some sequence

15 homology with other TALE repeat sequences within a naturally occurring TALE protein.
See, e.g., UK. Patent Nos. 8,586,526 and 9,458,205, The term “TALEN” includes one
TALEN as well as a pair of TALENS {the members of the pair are referred fo as “left and
right” or “first and second” or “pair”) that dimerize to cleave the target gene. Zinc finger
and TALE binding domains can be “engineered” to bind to & predetermined nucleotide

20 sequence, for example via engincering (altering one or more amino acids) of the
recognition helix region of a naturally occwrring zine finger or TALE protein. Therefore,
engineered DINA binding proteins (zinc fingers or TALES) are proteins that are non-
naturally occurring. Non-limiting examples of methods for engineering DNA-binding
proteins are design and selection. A designed DNA binding protein is & protein not

25 occurring in nature whose design/composition results principally from rational criferia,
Rational criteria for design include application of substifution rules and computerized
algorithms for processing information in g database storing information of existing ZFP
and/or TALE designs and binding data. See, for example, U.S. Patent Nos. 8,568,526,
6,140,081; 6,453,242; and 6,534,261, see also International Patent Publication Nos.

30 WO 98/53058; WO 98/3305%; WO 98/53060; W (2/016536; and WO (3/016496.
{0115} A “selected” zinc finger protein or TALE is a protein not found in

nature whose production results primarily from an empirical process such as phage
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display, inferaction trap or hybrid selection. See e.g., ULS. Patent Nos.

8,586,526, 5,789,538, 5,925,523; 6,007 988; 6,013,453; 6,200,759, and International
Patent Publication Nos. WO 85/19431; WO 96/06166; WO 98/53057;, WO 98/54311;
WO O/27878; WO 01/60970; WO 01/88197 and WO 02/099084.

{6116} “Recorabination” refers o a process of exchange of genetic
information between two polynuclestides. For the purposes of this disclosure,
“homologous recombination (HR)” refers to the specialized form of such exchange
that takes place, for example, during repair of double-strand breaks in cells via
homology-directed repair voechanisms. This process requires nucleotide sequence
homology. uses a “donor” molecule to template repair of a “target” molecule (e, the
one that experienced the double-strand break), and is variously known as “non-
crOSsover gene conversion” or “short fract gene conversion,” because it leads to the
transter of genetic information from the donor to the target. Without wishing to be
bound by any particular theory, such transfer can involve mismatch correction of
heteroduplex DNA that forms between the broken target and the donor, and/or
“synthesis-dependent strand annealing,” in which the donor i3 used to re-synthesize
genetic information that will becore part of the target, and/or related processes. Such
specialized HR often results in an alteration of the sequence of the target molecule
such that part or all of the sequence of the donor polynucleotide is incorporated into
the target polynuclestide.

{0187} In the methods of the disclosure, one or more targeted nucleases as
described herein create a double-stranded break in the target sequence {e.g., cellular
chromatin} at a predetermined site, and a “donor” polynucleotide, having homology to
the nucleotide sequence in the region of the break, can be introduced into the cell,

The presence of the double-stranded break has been shown to facilitate integration of
the donor sequence. The donor sequence may be physically integrated or,
alternatively, the donor polynucleotide is used as a template for repair of the break via
homologous recombination, resulting in the introduction of all or part of the
nucleotide sequence as in the donor into the cellular chromatin, Thus, a first sequence
iy celholar chromatin can be altered and, in certain embodiments, can be converted
into a sequence present in a donor polynucleotide. Thus, the use of the terms

“replace” or “replacement” can be understood to represent replacement of one
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nucleotide sequence by another, {i.e., replacement of a sequence in the informational
sense}, and does not necessarily require physical or chemical replacement of one
polvaucieotide by another.

{0118} In any of the methods described hersin, additional pairs of zinc-finger
or TALEN proteins can be used for additional double-stranded cleavage of additional
target sties within the cell.

14119} In certain embodiments of methods for targeted recombination and/or
replacement and/or alteration of a sequence in a region of interest in cellular
chromatin, a chromosomal sequence is aliered by homologous recombination with an
exogenous “donor” nucleotide sequence. Such homologous recombination is
stimulated by the presence of a double-stranded break in cellular chromatin, if
sequences homologous to the region of the break are present.

{0124] In any of the methods described herein, the first nuclectide sequence
{(the “donor sequence”) can contain sequences that are homologous, but not identical,
to genomic sequences in the region of interest, thereby stimulating homologous
recombination to insert a non-identical sequence in the region of interest. Thus, in
certain embodiments, portions of the donor sequence that are homologous to
sequences in the region of interest exhibit between about 80 to 99% {or any integer
therebetween} sequence identity to the genomic sequence that is replaced. In other
emnbodiments, the homelogy between the donor and genomic sequence is higher than
899%, for example if only 1 auclectide differs as between donor and genomic
sequences of over 100 contiguous base pairs. In certain cases, a non-homologous
portion of the donor sequence can coniain sequences not present in the region of
interest, such that new sequences are infroduced into the region of interest. In these
instances, the non-homeologous sequence is generally flanked by sequences of 50-
1,000 base pairs {or any integral value therebetween) or any number of base pairs
greater than 1,000, that are homologous or identical to Sequmces i the region of
interest. In other embodiments, the donor sequence is non-homologous to the first
sequence and is fnserted into the genome by non-homologous recombingtion
mechanisma,

{8121} Agy of the methods described herein can be used for partial or

complete inactivation of one or more target sequences in a cell by targeted integration
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of donor sequence that disrupts expression of the gene(s) of interest. Cell lines with
partially or completely inactivated genes are also provided.

{61221 Furthermore, the methods of targeted integration as described herein
can also be used to integrate one or more exogenous sequences. The exogenous
nucleic acid sequence can comprise, for example, one or more genes or ¢cDNA
molecules, or any type of coding or non-coding sequence, as well as one or more
control elements {e.g., promoters). In addition, the exogenous nucleic acid sequence
may produce one or more RNA molecules {e.g., small hairpin RNAs {shRNAs),
inhibitory RNAs (RNAis), microRNAs (miRNAg), etc.).

19133} “Cleavage” refers to the breakage of the covalent backbone of a DNA
molecule. Cleavage can be initiated by a variety of methods including, but not Hmited
to, enzymatic or chemical hydrolysis of a phosphodiester bond. Both single-stranded
cleavage and double-stranded cleavage are possible, and double-stranded cleavage
can oceur as a result of two distinet single-stranded cleavage events, DNA cleavage
can result in the production of either blunt ends or staggered ends. In certain
embodiments, fusion polypeptides are used for targeted double-stranded DNA
cleavags.

(8124} A “cleavage half-domain” is a polypeptide sequence which, in
conjunction with a second polypeptide {either identical or different) forms a complex
having cleavage activity {preferably double-strand cleavage activity). The terms “first
and second cleavage half-domains;”™ “+ and — cleavage half-domains™ and “right and
left cleavage half~domains™ are used interchangeably to refer to pairs of cleavage half-
domains that dimerize.

[3138] An “enginecred cleavage half-domain” is a cleavage half-domain that
has been modified so as to form obligate heterodimers with another cleavage half-
domain {e.g., another engineered cleavage half-domain). See, U.8. Patent Nos.
7,888,121; 7,914,796; 8,034,598; and §,823,618, incorporated herein by reference in
their entireties.

{8126} The term “sequence” refers to a nuclestide sequence of any length,
which can be INA or RNA; can be linear, circular or branched and can be cither
single-stranded or double stranded. The term “donor sequence” refers o a nucleotide

sequence that is inserted into a genome. A donor sequence can be of any length, for

2
3



10

15

20

30

WO 2020/205838 PCT/US2020/025919

example between 2 and 10,000 nucleotides in length {or any integer value
therebetween or thereabove}, preferably between about 100 and 1,000 nucleotides in
length {or any integer thercbetween), more preferably between about 200 and 500
nucleotides n length,

{6127] A “disease associated gene” is one that is defective in some manner in
a monogenic disease, Non-limiting examples of monogenic diseases include severe
combined rmmunodeficiency, cystic fibrosis, lysosomal storage diseases {(e.g.,
Gaucher’s, Hurler’s Hunter’s, Fabry’s, Netmann-Pick, Tay-Sach’s, ete.), sickle cell
anemia, and thalassemia.

{B128] The “blood brain barrier” is a highly selective permeability barrier that
separates the civculating blood from the brain in the central nervous svstem. The
blood brain barrier is formed by brain endothelial cells which are connected by tight
Junctions i the ONS vessels that resirict the passage of blood solutes. The blood
brain barrier has long been thought to prevent the uptake of large molecule
therapeutics and prevent the uptake of most small molecule therapeutics (Pardridge
(2005} NewroRx 2(1): 3-14).

{8129] “Chromatin” is the nucleoprotein structure comprising the cellular
genome. Cellular chromatin comprises nucleic acid, primarily DNA, and protein,
including histones and non-histone chromosomal proteins, The majority of
gukaryotic cellular chromatin exists in the form of nuclecsomes, wherein a
nucleosome core comprises approximately 150 base pairs of DNA associated with an
octamer comprising two each of histones H2A, H2B, H3 and H4; and Hnker DNA {of
variable length depending on the organism) extends between nucleosome cores. A
molecule of histone HI is generally associated with the linker DNA. For the purposes
of the present disclosure, the term “chromatin® is meant to encompass all types of
celiular nucleoprotein, both prokaryotic and eukarvotic, Cellular chromatin includes
both chromosomal and episomal chromatin.

{01301 A “chromosome” is a chromatin complex comprising all or a portion
of the genome of a cell. The genome of a cell is often characterized by its karyotype,
which is the collection of all the chromosomes that comprise the genome of the cell,

The genome of a cell can comprise one or more chromosomes.
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0131} An “episome” 15 a replicating nucleic acid, nucleoprotein complex or
other structure cotnprising a nucleic acid that is not part of the chromosomal
karyotype of a cell. Examples of episomes include plasmids and certain viral
BEnomes,

{8132} A “target site” or “targel sequence” is a nucleic acid sequence that
defines a portion of a nucleic acid to which a binding molecule will bind, provided
sufficient conditions for binding exist.

{8133] An “exogenous” molecule is a molecule that is not normally present in
a cell, but can be introduced into a cell by one or more genetic, biochemical or other
methods. “Normal presence in the cell” is determined with respect to the particular
developmental stage and environmental conditions of the cell. Thus, for example, a
molecule that is present only during embryonic development of muscle is an
exogenous molecule with respect to an adult muscle cell. Similarly, a molecule
induced by heat shock is an exogenous molecule with respect to a non-heat-shocked
cell. An exogenous molecule can comprise, for example, a functioning version of a
malfunctioning endogenous molecule or 8 matunctioning version of a normally-
functioning endogenous molecule.

{6134} An exogenous molecule can be, among other things, 2 small molecule,
such as is generated by 8 combinatorial chemistry process, or a macromolecule such
as a protein, nucleic acid, carbohydrate, lipid, glycoprotein, lipoprotein,
polysaccharide, any modified derivative of the above molecules, or any complex
comprising one or more of the above molecules. Nucleie acids include DNA and
RNA, can be single- or double-stranded; can be linear, branched or circular; and can
be of any length. Nucleie acids include those capable of forming duplexes, as well as
triplex-forming nucleic acids. See, for example, 1.8, Patent Nos. 5,176,996 and
5,422,251, Proteins mnclude, but are not limited to, DNA-binding proteins,
transcription factors, chromatin remodeling factors, methylated DNA binding
proteins, polymerases, methylases, demethylases, acetylases, deacetylases, kinases,
phosphatases, integrases, recombinases, ligases, topoisomerases, gyrases and
helicases.

{8138} An exogenous molecule can be the same type of molecule as an

endogenous molecule, e.g., an exogenous protein or nucleic acid. For example, an
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exogenous nucleic acid can comprise an infecting viral genome, a plasmid or episome
infroduced into a cell, or a2 chromosome that is not normally present in the cell.
Methods for the introduction of exogenous molecules into cells are known to those of
skill in the art and include, but are not limited to, lipid-mediated fransfer (e,
liposomes, including neutral and cationic lipids), electroporation, direct injection, cell
fusion, particle bombardment, calcium phosphate co-precipitation, DEAB-dextran-
mediated fransfer and viral vector-mediated fransfor. An exogenous molecule can also
be the same type of molecule as an endogenous molecule but derived from a different
species than the cell s derived from. For example, a human mucleic acid seguence
may be infroduced into a cell line originally derived from a mouse or hamster.

1813s] By contrast, an “endogenous” molecule is one that is normally present
in a particular cell at a particular developmental stage under particular environmental
conditions. For example, an endogenous nucleic acid can comprise a chromosome,
the genome of a mitochondrion, chloroplast or other organelle, or a naturally-
oceurring episomal nueleic acid. Additional endogencus molecules can include
proteins, for example, transcription factors and enzymes.

81371 A “fusion” molecule is a molecule in which two or more subunit
molecules are linked, preferably covalently. The subunit molecules can be the same
chernical type of molecule, or can be difforent chemical types of molecules. Examples
of fusion molecules include, but are not limited to, fusion proteins (for example, a
fusion between g protein DNA-binding domain and a cleavage domain), fusions
between a polynucleotide DNA-binding domain {e.g., sgRNA) operatively associated
with a cleavage domain, and fusion nucleic acids (for example, a nucleic acid
encoding the fusion protein).

{3138] Expression of a fusion protein in a cell can result from delivery of the
fusion protein to the cell or by delivery of a polynuclectide encoding the fusion
protein to a cell, wherein the polynucleotide is transcribed, and the transcript is
translated, to generate the fusion protein. Trans-splicing, polvpeptide cleavage and
polypeptide ligation can also be involved in expression of a protein in a cell. Methods
for polynucleotide and polypeptide delivery to cells are presented elsewhere in this

disclosure.
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18139] A “gens,” for the purposes of the present disclosure, includes a DNA
region encoding a gene product (see infra), as well as all DNA regions which regulate
the production of the gene product, whether or not such regulatory sequences are
adjacent to coding and/or transcribed sequences.  Accordingly, a gene includes, but 1s
53 not necessarily Hmited to, promoter sequences, terminators, translational regulatory
sequences such as ribosome binding sites and internal ribosome eniry sites, enhancers,
silencers, insulators, boundary elements, replication origing, matrix atiachment sites
and locus conirol regions.
HEE “Gene expression” refers to the conversion of the information,

10 contained in a gene, into a gene product. A gene product can be the direct
transcriptional product of a gene {e.g., mRNA, IRNA, fRNA, antisense RNA,
ribozyme, structural RNA or any other type of RNA) or a protein produced by
transiation of an mRNA. Gene products also include RNAs which are modified, by
processes such as capping, polyadenylation, methylation, and editing, and proteins

15 modified by, for example, methylation, acetylation, phosphorylation, ubiguitination,
ADP-ribosylation, mynistilation, and glycosylation.

{0141} “Modulation” of gene expression refers to a change in the activity of a
gene. Modulation of expression can tnchade, but 18 not limited to, gene activation and
gene ropression. Genome editing {e.g., cleavage, alteration, inactivation, random

20 mutation) can be used to modulate expression. Gene inactivation refers to any
reduction in gene expression as compared to a cell that does not include 8 ZFP or
TALEN as described herein. Thus, gene inactivation may be partial or complete,
10142} A “region of interest” is any region of cellular chromatin, such as, for
example, a gene or a non-coding sequence within or adjacent to a gene, in which it is

25 desirable to bind an exogenous molecule. Binding can be for the purposes of targeted
IINA cleavage and/or targeted recombination. A region of interest can be presentin a
chromosome, an episome, an organellar genome {e.g., mitochondrial, chloroplast}, or
an infecting viral genome, for example. A region of interest can be within the coding
region of a gene, within transcribed non-coding regions such as, for example, leader

30 sequences, trailer sequences or infrons, or within non-transcribed regions, either

upsiream or downstream of the coding region. A region of interest can be as small as
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a single nucleotide pair or up to 2,000 nucleotide pairs in length, or any integral value
of nucleotide pairs.
10143} “Hukaryotic” cells include, but are not limited to, fungal cells (such as
yeast}, plant cells, animal cells, maromalian cells and human cells {e. ., stem cells, or
S precursor cells). The term “stem cells” or “precursor cells” refer to pluripotent and
multipotent stem cells, including but not limited to hematopoietic stem cells, which
are also referred to as hematopoietic progenitor stem cells (HPSC) or hematopoietic
stem cell/precursor cells (HSC/PC).
{0144] “Red Blood Cells” (RBCs) or ervihrocyies are terminally differentiated
10 cells denived from hematopoietic stem cells. They lack a nuclease and most cellular
organelles. RBCs contain hemoglobin to carry oxygen from the lungs to the
peripheral tissues. In fact, 33% of an individual RBC is hemoglobin. They also carry
CO2 produced by cells during metabolism out of the tissues and back to the lungs for
release during exhale, RBCs are produced in the bone marrow in response to blood
13 hypoxia which is mediated by release of ervihropoietin (EPO) by the kidney. EPO
causes an increase in the number of proerythroblasts and shortens the time required
for full RBC maturation. After approximately 120 days, since the RBC do not contain
a nucleus or any other regenerative capabilities, the cells are removed from circulation
by either the phagocytic activities of macrophages in the liver, spleen and lymph
23 nodes (~90%; or by hemolysis in the plasma (~10%). Following macrophage
engulfment, chemical components of the RBC are broken down within vacuoles of
the macrophages due to the action of lysosomal enzymes.
18145} “Secretory tissues” are those tissues in an animal that secrete products
out of the individual cell into a umen of some type which are typically derived from
25 epithelium. Examples of secretory tissues that are localized to the gastrointestinal
tract include the cells that line the gut, the pancreas, and the gallbladder. Other
secretory tissues include Jthe liver, tissues associated with the eyve and mucous
membranes such as salivary glands, manmmary glands, the prostate gland, the pituitary
gland and other members of the endocrine system. Additionally, secretory tissues
30 include individual cells of a tissue type which are capable of secretion.
{3146} The terms “operative linkage” and “operatively linked” (or “operably

linked”} are used interchangeably with reference 10 a juxtaposition of two or more
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compounents (such as sequence clemenis), in which the components are arranged such
that both components fimction normally and allow the possibility that at least one of
the components can mediate a function that is exerted upon at least one of the other
components. By way of illustration, a8 transcriptional regulatory sequence, such as a
promoter, 1s operatively linked to a coding sequence if the transcriptional regulatory
sequence controls the level of transcription of the coding sequence in response to the
presence or absence of one or more transcriptional regulatory factors. A
transcriptional regulatory sequence is generally operatively linked in ¢is with a coding
sequence, but need not be directly adjacent to it. For example, an enhanceris a
transcriptional regulatory sequencs that is operatively linked to a coding sequence,
even though they are not contiguous.

18147} With respect to fusion polypeptides, the term “operatively linked” can
refer (o the fact that each of the components performs the same function in linkage to
the other component as it would if if were not so linked. For example, with respect to
a fusion polypeptide in which a ZFP or TALE DNA-binding domain is fused to an
activation domain, the ZFP or TALE DNA-binding domain and the activation domain
are in operative linkage if, iu the fusion polypeptide, the ZFP or TALE DNA-binding
domain portion is able to bind its target site and/or its binding site, while the
activation domain is able to up-regulate gene expression, When a fusion polypeptide
itt which a ZFF or TALE DNA-binding domain is fused to a cleavage domain, the
ZFP or TALE DNA-binding domain and the cleavage domain are in operative linkage
if, in the fusion polypeptide, the 2FP or TALE DNA-binding domain portion is able
to bind its target site and/or its binding site, while the cleavage domain is able to
cleave DNA in the vicinity of the target site,

{93148} A “functional” protein, polypeptide or nucleic acid includes any
protein, polypeptide or nucleic acid that provides the same function as the wild-type
protein, polypeptide or nucleic acid, A “functional fragment” of a protein,
polypeptide or nucleic acid is a protein, polypeptide or nucleic acid whose seguence is
not identical to the full-length protein, polypeptide or nucleic acid, yet retains the
same function as the full-length protein, polypeptide or nucleic acid. A functional
fragment can possess more, fewer, or the same number of residues as the

corresponding native molecule, and/or can contain one or more amino acid or
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nucleotide substitutions. Methods for determining the function of a nucleic acid {e.g.,
coding function, ability to hybridize to another nucleic acid) are well-known in the
art. Similarly, methods for determining protein function are well-known. For
example, the DNA-binding function of a polypeptide can be determined, for example,
by filter-binding, electrophoretic mobility-shiff, or immunoprecipitation assays. DNA
cleavage can be assayed by gel electrophoresis. See, Ausubel et al,, supra. The
ability of a protein to jnteract with another protein can be determined, for example, by
co-mmunoprecipifation, two-hybrid assays or complementation, both genetic and
biochemical. See, for example, Fields et al. (1989) Nature 340:245-246; 1.8, Patent
No. 5,585,245 and International Patent Publication No. WO 98/44350.

{8149] A “veclor” 1s capable of transferring gene sequences to target celis.
Typically, “vector construct,” “expression vector,” and “gene transfer vector,” mean
any nucleic acid construct capable of directing the expression of a gene of interest and
which can transfer gene sequences to target cells. Thus, the term includes cloning, and
expression vehicles, as well as integrating vectors.

[01580] A “reporter gene” or “reporter sequence” refers to any sequence that
produces a protein product that is easily measured, preferably although not necessarily
in a routine gssay. Suitable reporter genes include, but are not limited to, sequences
encoding proteins that mediate antibiotic resistance {¢.g., ampicillin resistance,
neomycin resistance, G418 resistance, puromycin resistance), sequences encoding
colored or flucrescent or luminescent proteins (e.g., groen fluorescent protein,
erthanced groen fluorescent protein, red fluorescent protein, luciferase}, and proteins
which mediate enhanced cell growth and/or gene amplification {e.g., dihydrofolate
reductase). Epitope tags include, for example, one or more copies of FLAG, His,
myc, Tap, HA or any detectable amino acid sequence, “Expression tags” include
sequences that encode reporters that may be operably linked to a desired gene
sequence in order to monitor expression of the gene of interest.

{8151} The terms “subject” and “patient” are used interchangeably and refer to
mammals such as human subjects and non-human primates, as well as experimental
amimals such as rabbils, dogs, cats, rats, mice, and other animals. Accordingly, the
term “subject” or “patient” as used herein means any mammalian subject or patient to

which the altered cells of the invention and/or proteins produced by the altered cells
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of the invention can be administered. Subjects of the present invention include those
having P-thalassemia disorder.

{6182] Generally, the subject or subject is eligible for treatment for -
thalassemia. For the purposes herein, such eligible subject or subject is one who is
experiencing, has experienced, or is likely to experience, one or more signs,
symptoms or other indicators of B-thalassemia; has been diagnosed with §-
thalassenia, whether, for example, newly diagnosed, and/or is at risk for developing
fB-thalassemia. One suffering from or at risk for suffering from B-thalassernia may
optionally be identified as one who has been screened for abnormally low levels of
hemoglobin in their blood or plasma.

{183] As used herein, “treatment” or “ireating” is an approach for obtaining
beneficial or desired resulis including clinical results. For purposes of this invention,
beneficial or desired clinical results include, but are not limited to, one or more of the
following: decreasing one or more symptoms resulting from the disease, diminishing
the extent of the discase, stabilizing the disease (e.g., preventing or delaying the
worseniing of the disease), delay or slowing the progression of the disease,
ameliorating the disease state, decreasing the dose of one or more other medications
required to treat the disease, and/or increasing the guality of life.

(6154} As used herein, “delaying” or “slowing” the progression of -
thalasseniia means to prevent, defer, hinder, slow, retard, stabilize, and/or postpone
development of the disease. This delay can be of varying lengths of time, depending
on the history of the disease and/or individual being treated.

[8155] As used herein, “at the time of starting treatment” refers to the time
periad at or prior to the first exposure to an B-thalassemia therapeutic composition
such as the compositions of the invention. In some embodiments, “at the time of
starting freatment” is about any of one year, nine months, six months, three months,
second months, or one month prior to a B-thalassemia drug. In some embodiments, “at
the time of starting treatment” is immediately prior to coincidental with the first
exposure to an P-thalassemia therapeutic composition.

{8156} As used herein, “based upon” includes (1) assessing, determining, or

measuring the subject characteristics as described herein (and preferably selecting a
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subject suitable for receiving treatruent; and (2} administering the treatment(s) as
described herein,

{61577 A “symptom” of B-thalassemia is any phenomenon or departure from
the normal in structure, function, or sensation, experienced by the subiject and
indicative of §-thalassemia.

{0158} “Transfusion dependent B-thalassemia” (TDT) subjects require regular
infusions {transfusions} of PRBC and other blood products to maintain hemoglobin
tevels >0 to 10 g/dL. TDT is a severe, progressive type of B-thalassernia
characterized by severe anemia, lifelong transfusion dependence, unavoidable iron
overload, serious comorbidities, and shorter lifespan compared with the general
population. Patients with TDT require lifelong supportive care with regular blood
transfusions—typically given every 2 to 5 weeks—to mitigate anemia and enable
survival. Therapeutic levels, including levels that reduce or eliminate the need for
blood transfusions may be above 2-10 or more g/dL (including 2, 3, 5,6, 7. 8,9, 10 or
more g/dl}, optionally at least about 5 to 7 or more g/dL for transfusion
independence.

{6159} Chronic transfusions lead to unavoidable iron overload that can result
w significant damage to vital organs, Therefore, patients with TIDT need continuous
and rigorous monitoring of tron burden and must regularly take medications to
TEIOVe excess iron, a process called iron chelation.

{6160} The term “supportive surgery” refers to surgical procedures that may
be performed on a subject to alleviate symptoms that mav be associated with a
disease.

{8181] The term “imopunosuppressive agent” as used herein for adjunct
therapy refers to subsiances that act o suppress or mask the immune system of the
marmal being treated herein. This would include substances that suppress cyiokine
production, down-regulate or suppress self-antigen expression, or mask the MHC
antigens. Examples of such agents include 2-amino-6-aryl-3-substituted pyrimidines
{see, U.S. Patent No. 4,665,077); nonsteroidal anti-inflarnmatory drugs (NSAIDUA)
ganciclovir, tacrolimas, ghucocorticoids such as cortisol or aldosterone, anti-
inflammatory agents such as a cyclooxygenase inhibitor, a 5 -lpoxygenase inhibitor,

or a leukotriene receptor antagonist; purine antagonists such as azathioprine or
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mycophenolate motetil (MMF); alkvlating agents such as eyclophosphamide;
bromocryptine; danazol; dapsone; ghutaraldehvde (which masks the MHC antigens, as
described in ULS. Patent No. 4,120,64%); anti-idiotypic antibodies for MHC antigens
and MHC fragments; cyclosporin A; steroids such as corticosteroids or
glucocorticosteroids or glucocorticoid analogs, e.g.. preduisone, methylprednisolone,
and dexamethasone; dibiydrofolate reductase inhibitors such as methotrexate {oral or
subcutaneous); hydroxycloroquine; sulfasalazine; leflunomide; cytokine or cytokine
receplor antagonists including anti-interferon-alpha, -beta, or -pamma antibodies,
anii-tumor necrosis factor-alpha antibodies (infliximab or adalimumab), anti-TNF-
alpha immunoshesin {etanercept), anti-tumor necrosis factor-beta antibodies, anti-
mterleukin-2 antibodies and anti-IL-2 receptor antibodies; anti-LFA-1 antibodies,
inclading anti-CD1 1a and anti~CD18 antibodies; anti-L3T4 antibodies; heterologous
anti~lymphocyte globulin; pan-T antibodies, preferably anti-CD3 or anti-CD4/C4a
antibodies; soluble peptide containing a LFA-3 binding domain (International Patent
Publication No. WO 90/08187 published 7/26/90); streptokinase; TGF-bets;
streptodornase; RNA or DNA from the host; FK506; RS8-61443; deoxyspergualing
rapamyein; T-cell receptor {Cohen et al,, U.S. Patent No. 5,114,721); T-cell receptor
fragments {Offner et al. (1991) Science 251:430-432; International Patent Publication
No. WO 90/11294; Janeway (1989} Nature 341:482; and International Patent
Publication No. WO 91/81133); and T cell receptor antibodies such as TI10RS,

{81821 “Corticosteroid™ refers to any one of several synthetic or naturally
occurring substances with the general chemical stracture of steroids that mimic or
augment the effects of the naturally ocourring corticosteroids. Examples of synthetic
corticosteroids include prednisone, preduisolone (including methylprednisclone),
dexamethasone, glucocorticoid and betamethasone.

98163} “Iron chelation” is a type of therapy to remove excess iron fom the
body, Each unit of blood given in a transfusion comprises about 250 milligrams of
iron, and the body cannot excrete it except in small (~1 mg) amounts that are lost in
skin and perspiration. Excess iron is trapped in the tissues of vital organs, such as the
anterior pituitary, heart, liver, pancreas and joints. When the iron reaches toxic levels,
damage can result in diseases such as diabetes, cirrhosis, ostecartheitis, heart attack,

and hormone imbalances. Hypothyroidism, hypogonadism, infertility, impotence and

2
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stertlity can result from these hormone imbalances. If not addressed, excess fron can
result in complete organ failure and death. Iron reduction is accomplished with
chelation therapy, which is the removal of iron pharmacoisgic;ﬂ}y with an iron-~
chelating agent such as desferrioxamine, (brand name Desferal or Jadenu®) or
deferasirox, brand name Exjade®.

{1164} A “package insert” is used to refer to instructions customarily included
in comunercial packages of therapeutic products, that contain information about the
indications, usage, dosage, administration, contraindications, other therapeutic
products {o be combined with the packaged product, and/or warnings conceming the
use of such therapeutic products, ete,

[0165] A “Iabel” is used herein to refer to information customarily included
with commercial packages of pharmaceutical formulations including containers such
as vials and package inserts, as well as other types of packaging.

{0166] It 18 to be understood that one, some, or all of the properties of the
various embodiments described herein may be combined to form other embodiments
of the present invention. These and other aspecis of the invention will become

apparent to one of skill in the art.

Nucleases
{8167} The methods described herein can make use of one or more nucleases
for targeted knockout of the BCL11A erythroid enhancer. Non-limiting examples of
micleases include ZFNs, TALENSs, homing endonucleases, CRISPR/Cas and/or Tiago
guide RNAs, that are useful for in vive cleavage of a donor molecule carrying a
transgene and nucleases for cleavage of the genome of a cell such that the transgene is
integrated into the genome in & targeted manner, See, e.g., U8, Patent Nos.
10,435,677, 10,072,066; 9,957,501, 8,963,715; 9,650,648; and U.S. Patent
Publication Nos. 2019/0177709; 2018/0111975; and 2015/0132269. In certain
embodiments, one or more of the nucleases are naturally occurring. In other
enabodiments, one or more of the nucleases are non-naturally occurring, i.e.,
engineered in the DNA-binding molecule {also referred 1o as 8 DNA-binding domain)
and/or cleavage dowain. For example, the DNA-binding domain of a naturally-

occurring nuclease may be altered to bind to a selected target site {e.g., a ZFP, TALE
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and/or sgRNA of CRISPR/Cas that is engineered to bind to a selected target site). In
other embodiments, the nuclease comprises heterologous DNA-binding and cleavage
domains {e.g., zinc finger nucleases; TAL-effector domain DNA binding proteins;
meganuclease DNA-binding domains with heterologous cleavage domains). In other
embodiments, the nuclease comprises a system such as the CRISPR/Cas of Tiago

system,

{BisR] In certain emnbodiments, the composition and methods described herein
etnploy a meganuclease (homing endonuclease) DNA-binding domain for binding to
the donor molecule and/or binding to the region of interest in the genome of the cell.
Naturally-cccurring meganucieases recognize 15-40 base-pair clegvage sites and are
commeonly grouped into four families: the LAGLIDADG family (SEQ I NO: 17),
the GIY-YIG family, the His-Cyst box family and the HNH family. Exemplary
homing endonucleases include -Seel, I-Ceul, PI-Pspl, P1-See, I-ScelV, I-Coml, I-
Pari, I-Scell, I-Ppol, I-Scelll, I-Crel, I-Tev, [-Fevil and -7l Their recognition
sequences are known. See also U.S. Patent No. 5,420,032; U.S. Patent No. §,833,252;
Belfort er af, {1997} Nucleic Acids Res. 25:3379-3388; Dujon et af, (1989) Gene
82:118-118; Perler e af. (1994) Nucleic Acids Res. 22:1125-1127; Jasin (1996}
Trends Genet. 12:224-228; Gimble ef af. (1996} J. Mol Biol 263:163-1R0; Argast ¢f
al. (1998) /. Mol Biol 280:345-3533 and the New England Biolabs catalogue.

[8169] Int certain embodiments, the methods and compositions described
herein make use of a nuclease that comprises an engineered (non-naturally cccwrring)
homing endonuclease {meganuclease). The recognition sequences of homing
endonucleases and meganucleases such as I-8cel, I-Cenl, PI-Pspl, PI-Sce, I-ScelV, I-
Csmnl, FPank, I-Scell, I-Ppol, I-8celll, I-Crel, I-Tevl, I-Tevil and I~Tevill are known.
See also U.S. Patent No. 5,420,032; U1.S. Patent No. 6,833,252; Belfort et al. (1997}
Nucleic Acids Res. 25:3379-3388; Dujon et al. (1989) Gene 82:115-118; Perler et al.
{1994 Nucleic Acids Res. 22:1125 1127; Jasin (1996) Trends Genet. 12:224-228;
Gimble et al. (1996) J. Mol. Biol. 263:163-180; Argast et al. {1998} 1. Mol. Biol.
280:345-353 and the New England Biolabs catalogue. In addition, the DNA-binding

specificity of homing endonucleases and meganucieases can be engineered to bind
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non-natural target sites, See, for example, Chevalier ef al. (2002) Molec. Cell 10:895-
9035; Epinat et al. (2003} Nucleic Acids Res, 31:2952-2062; Ashworth et al, (2006}
Nature 441:656-659; Paques et al. (2007} Current Gene Therapy 7:49-66; U.8. Patent
Publication No. 2007/0117128. The DNA-binding domains of the homing
5 endonucleases and meganucleases may be altered in the context of the nuclease as a

whole (1.e., such that the nuclease includes the cognate cleavage domain) or may be
fused 1o a heterologous cleavage domain.
{8179 In other embodiments, the DNA-binding domain of one or more of the
nucieases used in the methods and compositions described herein comprises a

10 naturally ocourring or engineered (non-naturally cccurring) TAL effector DNA
binding domain. See, e.g., U.S. Patent No. §,586,526, incorporated by reference in its
entivety herein. The plant pathogenic bacteria of the genus Xanthomonas are known
to cause many diseases in important crop plants. Pathogenicity of Xanthomonas
depends on a conserved type [H secretion (T38) system which injects more than 25

15 different effector proteins into the plant cell. Among these injected proteins are
transcription activator-like (TAL) effectors which mimic plant transcriptional
activators and manipulate the plant transcriptome (see Kay et al. {2007} Science
318:648-651). These proteins contain & DNA binding domain and a transcriptional
activation domain. One of the most well characterized TAL-effectors is AviBs3 from

23 Xanthomonas campestgris pv. Vesicatoria (see Bonas ot al. (1989) Mol Gen Genet
218: 127-136 and International Patent Publication No. WO 2010/079430). TAL-
effectors contain a centralized domain of tandem repeats, cach repeat containing
approximately 34 amino acids, which are key to the DNA binding specificiiy of these
proteins. In addition, they contain a nuclear localization sequence and an acidic

25 transcriptional activation domain (for a review see Schornack et al. (2006) J Plant
Physiol 163(3): 256-272). In addition, in the phyiopathogenic bacteria Ralstonia
solanacearum two genes, designated brgl1 and hpx17 have been found that are
homologous to the AvrBs3 family of Xanthomonas in the R. solanacearum biovar 1

strain GMIT000 and in the biovar 4 strain RS1000 (See, Heuer et al. (2007) Appl and

ad
<

Envir Micro 73(133:4379-4384). These genes are 98.9% identical in nocleotide
sequence to each other but ditfer by a deletion of 1,575 bp in the repeat domain of

hpx17. However, both gene products have less than 40% sequence identity with
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AvirBs3 family proteins of Xanthomeonas. See, e.g., U.S. Patent No. §,586,526,
incorporated by reference in its entirety herein,

18171} Specificity of these TAL effectors depends on the sequences found in
the tandem repeats. The repeated sequence comprises approximately 102 bp and the
tepeats are typically 91-100% homologous with each other (Bonas et al., ihid).
Polymorphism of the repeats is usually located at positions 12 and 13 and thers
appears to be g one-to-one correspoudence between the identity of the hypervariable
diresidues (RVIs) at positions 12 and 13 with the identity of the contiguous
pucleotides in the TAL-effector’s target sequence (see, Moscou and Bogdanove
{2009} Science 326:1501 and Boch et al. (2009} Science 326:1509-1512).
Expenimentally, the natural code for DNA recognition of these TAL-effectors has
been determined such that an HD sequence at positions 12 and 13 leads o a binding
to cytosine (C}, NG binds to T, Nlto A, C, G or T, NN binds to A or G, and ING
binds to T. These DNA binding repeats have been assembled into proteins with new
combinations and numbers of repeats, to make artificial transcription factors that are
able to interact with new sequences and activate the expression of a non~endogenous
reporter gene in plant cells (Boch et al,, 1bid). Engineered TAL proteins have been
linked to a Fokl cleavage half domain o vield a TAL effector domain nuclease fusion
{TALEN) exhibiting activity in g yeast reporter assay {plasmid-based target). See,
e.g., U.8, Patent No. §,586,526; Christian et al. {2010} Genetics gpub
10.1534/genetics. 110.120717),

{81723 In certamn embodiments, the DNA binding domain of one or more of
the nucleases used for in vivo cleavage and/or targeted cleavage of the genome of a
cell comprises a zine finger protein, Preferably, the zinc finger protein is non-
naturally ocourring in that it is engineered to bind {0 a target site of cheice. See, for
example, See, for example, Beerli ot al. (2002) Nature Biotechnol. 20:135-141; Pabo
et al. (2001} Ann. Rev. Biochem. 73:313-340; Isalan et al. (2001) Nature Riotechnol.
19:656-060; Segal et al. (2001} Carr. Opin. Biotechnol. 12:632-637; Choo et al.
{2000} Curr, Opin. Struct. Biol, 10:411-416; ULS. Patent Nos., §,453,242; 6,534,261;
6,599,692; 6,503,717; 6,689 558; 7,030,215; 6,794,136; 7,067,317 7,262,054,
7,070,934; 7,361,635; 7,253,273; and U.S. Patent Publication Nos. 2005/0064474;
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2007/0218528; and 2005/0267061, all incorporated herein by reference in their
entirefies.

j8173] An engineered zinc finger binding domain can have a novel binding
specificity, compared to a naturally-ocourring zine finger protein, Engineering
methods include, but are not Himited to, rational design and various types of selection.
Rational design includes, for example, using databases comprising triplet {or
quadruplet) nucleotide sequences and individual zine finger amino acid sequences, in
which each triplet or quadruplet nucleotide sequence is associated with one or more
amino acid sequences of zinc fingers which bind the particular triplet or quadruplet
sequence. See, for example, co~owned U.S. Patent Nos. 6,453,242 and 6,534,261,
incorporated by reference herein in their entireties.

{8174} Exemplary selection methods, including phage display and two-hybrid
systerns, are disclosed in U5, Patent Nos. 5,789,538; 5,925,523; 6,007,988;
6,013,453; 6,410,248; 6,140,466; 6,200,759; and 6,242,568, as well as International
Patent Publication Nos. WQ 98/37186; WO 98/53057; WO Q0/27878; and

WO B1/8R187. In addition, enhancement of binding specificity for zinc finger
binding domains has been described, for example, in co-owned International Patent
Publication No. WO 02/077227.

[8175] In addition, as disclosed in these and other references, zine finger
domains and/or nulti-fingered zine finger proteins may be linked together using any
suttable Huker scquences, including for example, linkers of 3 or more amino acids in
length. See, also, U.S. Patent Nos. 8,772,453; 6,479,626, 6,903,185; and 7,153,949
for exernplary linker sequences. The proteins described herein may include any
combination of suitable Hnkers between the individual zine fingers of the protein.
{6176} Selection of target sites; ZFPs and methods for design and construction
of fusion proteins {and polynuclestides encoding same} are known to those of skill in
the art and described in detail in U.S. Patent Nos. 6,140,081; 5,789,53%; 6,453,242;
6,534,261; 5,925,523; 6,007,988, 6,013,453; and 6,200,759, Infernational Patert
Publication Nos. WO 85/19431; WO 96/06166; WO 98/53057; WO 98/3431 1,

WO O0/27878; WO 01/60970; WO $1/88197, WO 02/098084; WO 98/53058;

C WO BR/53039; WO 98/53060; WO 02/0165348; and WO 03/016496,
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{61771 In addition, as disclosed in these and other references, zinc finger
domains and/or pmlti-fingered zinc finger proteins may be linked fogether using any
suitable linker sequences, including for example, linkers of § or more amino acids in
length. See, alse, ULS. Patent Nos. 6,479,626; 6,903,185; and 7,153,949 for
exemplary linker sequences that are 6 or more amino acids in length. The proteins
described herein may include any combination of suitable linkers between the
individual zinc fingers of the protein.

{0178} The zinc finger nuclease may comprise a ZFN pair (comprising left
and right ZFNs} in which each ZFN pair comprises a nuclease (cleavage domain) and
a ZFP targeted to BCLI1A. See, e.g., U.S. Patent Nos. 9,963,715, 9,650,648, U.S.
Patent Publication Nos. 2015/0132269 and 2018/0111975. In cerfain embodiments,
the ZFN pair of the mRNAs specifically modifies BCL11A {(e.g., the +38 enhancer
region) as compared to any other loct {off-target) and/or as compared to other
BCL11A targeted nucleases {e.g., ZFNs without modifications to the backbone, which
modifications are deseribed mn ULS. Patent No. 10,563,184). Thus, cells produced
using the mRNAs described herein are specifically modified at the BCL11A locus,
inchading tn which less than 10% (0 to 10% of any value thercbetween), preferably
less than 5% {0 to 5% or any value therebetween), even more preferably less than 1%
of the cells (0 to 1% or any value therebetween} and even more preferably less than
0.5% {0 to 19 or any value therebetwesn) of the genetically modified cells include
genetic moditications made by the mRNA(s) cutside the BCL11A locus. See, e.g.,
{18, Patent No. 10,563,184, These cells may include additional modifications, for
example inactivation of HLA genes.

101791 In certain embodiments, the DNA-binding domain of the nuclease is
part of 3 CRISPR/Cas nuclease systern, including, for example a single guide RNA
{sgRNA}). See, e.g., U.S. Patent No. 8,697,359 and U.8. Patent Publication No.
2015/0056705, The CRISPR {clustered regularly interspaced short palindromic
repeats) locus, which encodes RNA components of the system, and the Cas (CRISPR-
associated) locus, which encodes proteins {Jansen et al. (20023 Mol. Microbiol.
43:1565-1575; Makarova et al. (2002) Nucleic Acids Res. 30:482-496; Makarova et
al. (2006} Biol. Direct 1:7; Hatt et al. (2005) PLoS Comput, Biol. 1:¢60) make up the

gene sequences of the CRISPR/Cas nuclease system. CRISPR loci in microbial hosts

L
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contain a combination of CRISPR-assoctated {Cas) genes as well as non-coding RNA
elements capable of programming the specificity of the CRISPR-mediated nucleic
acid cleavage.
D186} The Type II CRISPR is one of the most well characterized systems and
5 carries out targeted DNA double-sirand break in four sequential steps, First, two non-

coding RNA, the pre-crRNA array and tracrRNA, are transcribed from the CRISFR
tocus. Second, tracrRNA hybridizes to the repeat regions of the pre-ctRNA and
mediates the processing of pre-crRNA into mature orRNAs containing individual
spacer sequences. Third, the mature erRNAtracrRNA complex directs Cas9 to the

10 target DNA via Watson-Crick base-pairing between the spacer on the ctRNA and the
protospacer on the target DNA next to the protospacer adjacent motif (PAM}, an
additional requirement for target recognition. Finally, Cas® mediates cleavage of
target DNA to create a double-sivanded break within the protospacer. Activity of the

CRISPR/Cas system comprises of three steps: (i} insertion of alien DNA sequences

-
4

into the CRISPR array to prevent future attacks, in a process called ‘adaptation’, (ii)
expression of the relevant proteins, as well as expression and processing of the array,
followed by (iil} RNA-mediated interference with the alien nucleic acid. Thus, in the
bacterial cell, several of the so-called *Cas’ proteins are involved with the natural
function of the CRISPR/Cas systern and serve roles in functions such as insertion of
20 the alien DBNA etc.
{0181} In some embodiments, the CRISPR-Cpfl systen is used. The
CRISPR-Cpfl system, identified in Francisella spp., is a class 2 CRISPR-Cas system
that mediates robust DNA interference in human cells. Although functionally
conserved, Cpfl and Cas? differ in many aspects including in their guide RNAs and
25 substrate specificity {see, Fagerlund et al. {2015) Genom Bio 16:251). A major
difference between Cas9 and Cpfl proteins is that Cpfl does not utilize tracrRNA,
and thus requires only a crRNA. The FoCpfl ¢rRNAs are 42-44 nucleotides long (19-
nucleotide repeat and 23-25-nucleotide spacer) and contain a single stem-loop, which
tolerates sequence changes that retain secondary structure. In addition, the Cpfl
30 orRNAs are significantly shorter than the ~100-nucleotide engineered sgRNAs
requited by Cas9, and the PAM reguirements for FnCpfl are 5-TTN-3' and 5-CTA-3
on the displaced strand. Although both Cas® and Cpfl make double strand breaks in
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the target DNA, Cas9 uses its RuvC- and HNH-like domains to make blunt-ended
cuts within the seed sequence of the guide RNA, whereas Cpfl uses a RuvC-ike
domain to produce staggered cuts outside of the seed. Because Cpfl makes staggered
cuts away from the critical seed region, NHEJY will not disrupt the target sife, therefore
ensuring that Cptl can continue to cut the same site uniil the desired HDR
recombination event has taken place. Thus, in the methods and compositions
described herein, it is understood that the term “Cas” includes both Cas® and Cfpl
proteins. Thus, as used herein, a “CRISPR/Cas system” refers both CRISPR/Cas
and/or CRISPR/Cfpl systems, inchuding both nuclease, nickase and/or transcription
factor systems.

{6182] In some embodiments, other Cas proteins may be used. Some
exemplary Cas proteins include Cas$, Cpfl {also known as Cas12a), C2¢1, C2¢2 (also
known as Cas13a), C2¢3, Casl, Cas2, Casd, CasX and CasYV; and include engineered
and natural variants thereof (Burstein ot al. (2017) Nature 542:237-241) for example
HF U/spCash (Kleinstiver et al. {2016} Nature 529; 460-495; Cebrian-Serrano and
Davies (2017) Mamm Genome (2017) 28(71:247-261); split Cas? systems (Zeische et
al. (2015) Nat Biotechno! 33{2):139-142), wrans-spliced Cas9 based on an intein-
extein system (Troung et al. (2015) Nucl Acid Res 43(133:6450-8); mini-SaCas® (Ma
et al. (2018) ACS Synth Biol 7(4):978-985). Thus, in the methods and compositions
described herein, it is understood that the term “Cas” includes all Cas variant proteins,
both natural and engineered.

{4183 In certain embodiments, Cas protein may be g “functional dertvative”
of a naturally oceurring Cas protein. A “functional derivative” of a native sequence
polypeptide is a compound having a qualitative biological property in common with a
native sequence polypeptide, “Functional derivatives” include, but are not limited to,
fragments of a native sequence and derivatives of a native sequence polypeptide and
its fragroents, provided that they have a biological activity in common with a
corresponding native sequence polypeptide. A biological activity contemplated herein
is the ability of the functional derivative to hydrolyze a DNA substrate into fragments,
The term “derivative” encompasses both amino acid sequence variants of polypeptide,
covalent modifications, and fusions thereof. Suitable derivatives of a Cas polypeptide

or a fragment thereof include bt are not Himited to mutants, fusions, covalent

¥4
¥ 4]



I

10

20

36

WO 2020/205838 PCT/US2020/025919

modifications of Cas protein or a fragment thereof. Cas protein, which includes Cas
protein or a fragment thereof, as well as derivatives of Cas protein or a fragment
thereoi, may be obtainable from a cell or synthesized chemically or by a combination
of these two procedures. The cell may be a cell that naturally produces Cas protein, or
a cell that natorally produces Cas protein and is genetically engineered to produce the
endogenous Cas protein at a higher expression level or to produce a Cas protein from
an exogenously introduced nucleic acid, which nucleie acid encodes a Cas that is
same or different from the endogencus Cas. In some cases, the cell does not naturally
produce Cas protein and is genetically engineered to produce a Cas protein,
Additional non-limiting examples of RNA guided nucleases that may be used in
addition to and/or instead of Cas proteins include Class 2 CRISPR proteins such as
Cpfl. See, e.g., Letsche et al. (2015) Cell 163:1-13,

16184} In some embodiments, the DNA binding domain is part of a TtAgo
system {see, Swarts et al. (2014} Nature S07(7491):258-261; Swarts et al. (2012}
PLoS One 7(43:¢35888 and Sheng et al. (2014) Proc. Natl. Acad. Sci. US.A.
111(2):652-657).  In eukaryotes, gene stlencing is mediated by the Argonaute (Ago)
family of proteins. In this paradigm, Ago is bound to small {(19-31 nucleotide) RNAs.
This protein-RNA silencing complex recognizes target RNAs via Watson-Crick base
pairing between the small RNA and the target and endonucleclytically cleaves the
target RNA (Vogel (2014) Science 344:972-973). In contrast, prokaryotic Ago
proteins bind to small single-stranded DNA fragments and Hkely function to detect
and remove foreign {often viral} DNA (Yuan et al. (2005 Mol. Cell 19:405;
Olovaikov et al. 2013} Mol Cell 51:594; Swarts et al., ibid). Exemplary prokaryotic
Ago proteins include those from Aguifex acolicas, Rhodobacter sphaeroides, and
Thermus thenn@phih:i&

{3185} One of the most well-characterized prokaryotic Ago protein is the one
from T. thermophilus (TtAgo; Swarts of al., ibid). TtAgo associates with cither 15
nucleotides or 13-25 nucleotide single-stranded DNA fragments with §' phosphate
groups. This “guide DNA” bound by TtAgo serves to direct the protein-DNA
complex to bind a Watson-Crick complemeniary DNA sequence in a third-party
molecule of DNA, Once the sequence information in these guide DNAs has allowed

identification of the target DNA, the TtAgo-guide DNA complex cleaves the target
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DNA. Such a mechanism is also supported by the structure of the TtAgo-guide DNA
complex while bound to its target DNA (Sheng et al,, ibid}. Ago from Rhodobacter
sphaeroides (RsAgo) has similar propertics (Olovnikov et al., ibid).

{6188] Exogenous goide DNAs of arbitrary DNA sequence can be loaded onto
the TtAgo protein {(Swarts et al,, ibid.). Since the specificity of TtAgo cleavage is
directed by the guide DNA, a TtAgo-DNA complex formed with an exogenous,
iavestigator-specified guide DNA will therefore direct TtAgo target DNA cleavage to
2 complementary investigator-specified target DNA. In this way, one may cregte g
targeted double-sirand break in DNA. Use of the TtAgo-guide DNA system {or
orthologous Ago-guide DNA systems from other organisms) allows for targeted
cleavage of genomic DNA within cells. Such cleavage can be cither single- or double-
stranded. For cleavage of mammalian genomic DNA, it would be prefergble to use of
a version of TtAgo codon optimized for expression in mammalian cells. Further, it
might be preferable to treat cells with 2 TtAgo-DNA complex formed in vitro where
the TtAgo protein is fused to a cell-penetrating peptide. Further, it might be preferable
to use g version of the TtAgo protein that has been altered via muisgenesis to have
improved activity at 37 degrees Celsius. TtAgo-RNA-mediated DNA cleavage could
be used to affect a panoply of cutcomes including gene knock-out, targeted gene
addition, gene correction, targeted gene deletion using techniques standard in the art
for exploitation of DNA breaks.

{0187} Thus, the nuclease comprises a DNA-binding domain in that
specifically binds to a target stfe in any gene into which it is desired to insert a donor
{transgene}.

6188} In certain embodiments the DNA-binding domaians bind to albumin,
8.g., DNA-binding domains of the ZFPs designated SBS-47171 and SB8-47898. See,
e.g., U.S, Patent Publication No. 2015/0156172,

B. Cleavage Domaing
[9189] Any suitable cleavage domain can be associated with {e.g., operatively
Hoked) to a DNA-binding domain to form a nuclease.  For example, ZFP DNA-
binding domains have been fused to nuclease domains to oreate ZFNs — g functional

entity that is able to recognize its intended nucleic acid target through its engineered
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{ZFP} DNA binding domain and cause the INNA to be cut near the ZFP binding site
via the nuclease activity. See, e.g., Kim et g/, (1996) Proc Nail 4cad Sci USA
93(3%.1136-1160. More recently, ZFNs have been used for genome medification in a
variety of organisms. See, for example, U.S. Patent Publication Nos, 2003/023241¢;
2003/0208489; 2005/00261 57, 2005/0064474; 2006/0188987; 2006/0063231; and
International Patent Publication No. WO 07/014275. Likewise, TALE DNA-binding
domains have been fused to nuclease domains to create TALENs. See, eg., US.
Patent No. §,586,526. CRISPR/Cas nuclease systems comprising single guide RNAs
{sgRNAs) that bind to DNA and associate with cleavage domains (e.g., Cas domains)
to induce targeted cleavage have also been described. See, e.g., 1.8, Patent Nos.
8,697,359 and 8,932,814 and U.8. Patent Publication No. 2015/0058705.

{0190} As noted above, the cleavage domain may be heterologous to the
DNA-binding domain, for example a zine finger DNA-binding domain and a cleavage
domain from a nuclease or a TALEN DNA-binding domain and a cleavage domain
from a nuclease; a sgRNA DNA-binding domain and a cleavage domain from a
nuclease ({CRISPR/Cas); and/or meganuclease DNA-binding domain and cleavage
domain from a different nuclease. Heterologous cleavage domains can be obtained
from any endonuclease or exonuclease. Exemplary endonucleases from which a
cleavage domain can be derived include, but are not Hmited to, restriction
endonucleases and homing endonucleases. See, for example, 2002-2003 Catalogue,
New England Biclabs, Beverly, MA; and Belfort et al. (1997) Nucleic Acids Res.
45:3379-3388. Additional enzymes which cleave DNA are known {e.g., 81 Nuclease;
mung bean nuclease; pancreatic DNase [; micrococcal nuclease; yeast HO
endonuclease; see also Linn et al. {eds.) Nucleases, Cold Spring Harbor Laboratory
Press, 1993}, One or more of these enzymes {or functional fragments thereof) can be
used as a source of cleavage domains and cleavage half-domains.

{8191} Stmuilarly, a cleavage half-domain can be derived from any nuclease or
portion thereof, as set forth above, that requires dimerization for cleavage activity. In
general, two fusion proteins are required for cleavage if the fusion proteins comprise
cleavage half-domains. Alternatively, a single protein comprising two cleavage half
domains can be used. The two cleavage half-domains can be derived from the same

endonuclease {or functional fragments thereof}, or each cleavage half-domain can be
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derived from a different endonuclease {or functional fragments thereof). In addition,
the target sites for the two foston proteins are preferably disposed, with respect to
each other, such that binding of the two fusion proteins o their respective target sites
places the cleavage half-domains in a spatial orientation o each other that allows the
cleavage half-domains to form a fanctional cleavage domain, e.g., by dimerizing.
Thus, in certain embodiments, the near edges of the target sites are separated by 3-8
nucleotides or by 15-18 nucleotides. However, any integral number of nucleotides or
nucleotide pairs can intervene between two target sites (e.g., from 2 to 30 nucleotide
pairs or more}. In general, the site of cleavage lies between the target sites.

{8192} Restriction endonucleases {restriction enzymes) are present in many
species and are capable of sequence-specific binding to DNA (at a recognition site),
and cleaving DNA at or near the site of binding. Certain restriction enzymes {e.g.,
Type 115} cleave DNA at sites removed from the recognition site and have separable
binding and cleavage domains. For example, the Type 1S enzvme Fokl catalyzes
double-stranded cleavage of DNA, at 9 nucleotides from iis recognition site on one
strand and 13 nucleotides from its recognition site on the other. See, for example,
{18, Patent Nos. 5,356,802; 5,436,150 and 5,487,994, as well as Li ef al. {1982} Proc.
Natl, Acad. Sci. USA 89:4275-4279; Li et al. {1993) Proc. Natl, Acad. Sci. USA
00:2764-2768; Kim et al, {1994a) Proc. Natl. Acad. Sci. USA 91:883-887; Kim et al.
{1994b} J. Biol. Chern. 269:31,978-31,982. Thus, in one embodiment, fusion proteins
comprise the cleavage domain {or cleavage half-domain} from at least one Type [IS
restriction enzyme and one or more zine finger binding domains, which may or may
not be engineered.

[6193] An exemplary Type IS resiriction enzyme, whose cleavage domain is
separable from the binding domain, is Fokl. This particular enzyme 1s active as a
dimer, Bitinaite et al. {1998} Proe. Nail. Acad. Sci. USA 85:10,570-10,575.
Accordingly, for the purposes of the present disclosure, the portion of the Fokl
enzyme used in the disclosed fusion proteins is considered a cleavage half-domain.
Thus, for targeted double-stranded cleavage and/or targeted replacement of cellular
sequences using zinc finger-Fokl fusions, two fusion proteins, each comprising a Fokl
cleavage hali-domain, can be used to reconstitute a catalytically active cleavage

domain. Alternatively, a single polypeptide molecule containing a zinc finger binding
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domain and two Fokl cleavage half-domains can also be used. Parameters for
targeted cleavage and targeted sequence alteration using zine finger-Fokl fusions are
provided elsewhere in this disclosure.

{0194] A cleavage domain or cleavage half-domain can be any portion of a
protein that retains cleavage activity, or that retains the sbility to multimerize {e.g.,
dimerize} to form a functional cleavage domain.

[4195] Exemplary Type [IS restriction enzymes are described in U.S. Patent
No. 7,888,121, incorporated herein in its entivety, Additional restriction enzymes also
contain separable binding and cleavage domaius, and these are contemplated by the
present disclosure. See, for example, Roberts et al. (2003) Nucleic Acids Res.
31:418-420.

[0196] in certain ernbodiments, the cleavage domain comprises one or more
engineered cleavage halt~domain (also referred to as dimerization domain mutanis)
that minimize or prevent homodimenization, as described, for example, in U.S, Patent
Nos. 8,772,453; 8,623,618, §,409,861; 8,034,598, 7,014,796; and 7,888,121, the
disclosures of all of which are incorporated by reference in their entireties herein.
Amino acid residues at positions 446, 447, 479, 483, 484, 486, 487, 490, 491, 496,
498, 499, 500, 531, 534, 537, and 538 of Fok{ are all targets for influencing
dimerization of the Fokl cleavage half-domains.

10197} Exemplary engineered cleavage half-domains of Foki that form
obsligate heterodimers include a pair in which a first cleavage half~domain includes
mutations at amino acid residues at positions 490 and 538 of Fok! and a second
cleavage half-domain includes mutations at amino acid residues 486 and 499

[8198] Thus, in one embodiment, a mutation at 490 replaces Glu (F) with Lys
(K} the mutation at 538 replaces Iso (I} with Lys (K}; the mutistion at 486 replaced
Gln () with Glu (E); and the mutation at posttion 499 replaces Iso () with Lys (K.
Specifically, the engineered cleavage half-domains described herein were prepared by
routating positions 490 (E—K) and 53§ (I-K)} in one cleavage half-domain fo
produce an engineered cleavage half-domain designated “E490K I538K” and by
mutating positions 486 (Q—E) and 499 (1L} in another cleavage half-domain to
produce an engineered cleavage half domain designated “Q4&6E:1499L". The

engineered cleavage half-domains described herein are obligate heterodimer mutants
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in which aberrant cleavage 1s mirumized or abolished. ULS. Patent Nos. 7,914,796
and 8,034,359, the disclosures of which are incorporated by reference in their
entireties. In certain embodiments, the engineered cleavage half-domain comprises
mutations at positions 486, 499 and 496 {numbered relative to wild-type Fokl), for
mstance mutations that replace the wild type Gin (Q) residue at position 486 with a
Ghu(E} residue, the wild type Ise (I} residue at position 499 with a Leu (L) residue and
the wild-type Aso (N} residue at position 496 with an Asp (D) or Glu (B) residue {also
referred to as g “ELD” and “ELE” domains, respectively). In other embodiments, the
engineered cleavage hall~domain comprises mutations at positions 490, 538 and 537
{numbered relative to wild-type Fokl), for instance mutations that replace the wild
type Glu (B) residue at position 490 with a Lys (K residue, the wild type Iso (1)
residue at position 538 with a Lys (K residue, and the wild-type His (H) residue at
position 537 with a Lys (K) residue or a Arg (R} residue {also referred to as “KKK”
and “KKR” domains, respectively). In other embodiments, the engineered cleavage
half-domain comprises mutations at positions 490 and 537 (numbered relative to
wild-type Fokl}, for instance mmutations that replace the wild type Glu (E) residue at
position 490 with a Lys (K) residue and the wild-type His (H) residue at position 537
with a Lys (K residue or a Arg (R} residue {also referred to as “KIK” and “KIR”
domains, respectively}). See, e.g., U.S. Patent No. §,772,453. In other embodiments,
the engineered cleavage half domain comprises the “Sharkey” and/or “Sharkey
mutations” (see, Guo ef al. (2010} J. Mol. Biol. 400{1):96-107).

16199} Engineered cleavage half~domains described herein can be prepared
using any suttable method, for example, by site-directed mutagenesis of wild-type
cleavage half~domains (Fold) as described in ULS, Patent Nos. 7,888,121, 7.914,79¢6;
&,034,598; and 8,623,618.

{9206} Alternatively, nucleases may be assembled in vivo at the nucleic acid
target site using so-called “split-enzyme” technology (see, e.g., U.S. Patent
Publication No, 2009/00681643. Components of such split enzymes may be
expressed either on separate expression constructs, or can be linked in one open
reading frame where the individual components are separated, for example, by a self-
cleaving 2A peptide or IRES sequence. Components may be individual zine finger

binding domains or domains of a meganuclease nucleic acid binding domain.
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{6201} Nucleases can be screened for activity prior to use, for example in a
yeast-based chromosomal system as described in ULS. Patent No. 8,563,314,
Expression of the nuclease may be ander the control of a constitutive promoter or an
mducible promoter, for example the galactokinase promoter which is activated (de-
repressed) in the presence of raffinose and/or galactose and repressed in presence of
glucose.

{0202} The Cas? related CRISPR/Cas systern comprises two RNA non-coding
components: tractRNA and a pre-ctRNA array containing nuclease guide sequences
{(spacers) interspaced by identical direct repeats (DRs). To use a CRISPR/Cas system
to accomplish genome engineering, both functions of these RNAs must be present
(see, Cong et al. (2013) Sciencexpress 1/10.1126/science 1231143}, In some
embodiments, the tractRNA and pre-crRNAs are supplied via separate expression
constructs or as separate RNAs. In other embodiments, a chimeric RNA is
consiracted where an engineered mature crRNA {(conferring target specificity} is
fused 10 8 tractRNA {supplying interaction with the Cas9) to ¢reate a chimeric or-
RNA-tractRNA hybrid (also termed a single guide RNA)L (see, Jinek et al. (2012)
Science 337:816-821, Jinek et al. (2013} cLife 2:00471 and Cong, ibid).

{82831 The nuclease(s) as described heretn may make one or more double-
stranded and/or single-stranded cuts in the target site. In certain embodiments, the
nuclease comprises a catalytically inactive cleavage domain {e.g., Fokl and/or Cas
protein}. See, e.g., U.B. Patent Nos. 9,200,266; 8,703,489 and Guillinger et al. (2014}
Nature Biotech, 32(6):577-582, The catalytically inactive cleavage domain may, in
combination with a catalytically active domain act as a nickase to make a single-
stranded cut. Therefore, two nickases can be used in combination (o make a double-
stranded cut in a specific region. Additional nickases are also known in the art, for
example, McCaffery et al. (2016) Nucleic Acids Res. 44(2vel . doi:
10.1093/nar/ghv878. Epub 2015 Oct 19,

15204} Thus, auy nuclease comprising a DNA-binding domain and cleavage
domain can be used. In certain embodiments, the nuclesse comprises a ZFN made up
of first and second {also referred to as left and right ZFNs), for example a FFN
comprising a first ZFN comprising a ZFP designated SBS-63014 and a cleavage

domain and a second ZFN comprising a ZFP designated SBS-65722 and a cleavage
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domain. In certain embodiments, the left and right (first and second) ZFNs of the
ZFN are carried on the same vector and in other embodiments, the paired components
of the ZFN aro carried on different veciors, for example two mRNAs vectors as
shown in Exaruple 1, one designated SB-raRENHT mRNA (an mRNA encoding the

S ZFN compnsing the ZFP designated 63014) and the other designated SB-mRENH2
mENA (an mRNA encoding the ZFN comprising the ZFP designated 65722).

Target Sites
102051 As described in detail above, DNA domains can be engineered to bind

18 to any sequence of choice in a locus, for example an albumin or other safe-harbor
gene. An engineered DNA-binding domain can have a novel binding specificity,
compared to a natorally-occurring DNA-binding domain. Engineering methods
mclude, but are not limited to, rational design and various types of selection. Rational
design includes, for example, using databases comprising triplet {or quadruplet)

15 nuclectide sequences and individual {e.g., #ine finger) amino acid sequences, in which
each triplet or quadruplet nucleotide sequence 18 associated with one or more amino
acid sequences of DNA binding domain which bind the particular triplet or quadruplet
sequence. See, for example, co-owned U.S. Patent Nos. 6,453,242 and 6,534,261,
incorporated by reference herein in their entiretics. Rational design of TAL-effector

20 domains can also be performed. See, e.g., U.S. Patent Publication Ne. 2011/03061073.

{8286} Exemplary selection methods applicable o DNA-binding domains,

nciuding phage display and two-hybrid systems, are disclosed in U.8. Patent Nos.

5,789,538, 5,925,523; 6,007,988; 6,013,453; 6,410,248; 6,140,466; 6,200,759; and

$,242,568; as well as Infernational Patent Publication Nos, WO 98/37186;

WO 88/53057; WO O0/27878; and WO 01788197 and GB 2,338,237,

{82077 Selection of target sties; nucleases and methods for design and

B
(V3]

construction of fusion proteins {and polvnuclectides encoding same) are known to
those of skill in the art and described in detail in U.S. Patent Publication Nos.

2005/0064474 and 2006/0188987, incorporated by reference in their entireties herein.

(8]
<o

14208] In addition, as disclosed in these and other references, DNA-binding
domains {e.g., multi-fingered zinc finger proteing) may be linked together using any

suitable linker sequences, including for example, linkers of § or more amine acids.
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See, e.g., U5, Patent Nos. 6,479,626; 6,903,185; and 7,153,949 for exemplary linker
sequences of 6 or more amine acids in length. The proteins described herein may
include any combination of suitable hunkers between the individual DNA-binding
domains of the protein. See, alse, U.S. Patent No. 8,586,526,

S (9209 In certain embodiments, the target site(s) for the DNA-binding
domain(s) (isjare within a BCL11A gene. Seg, e.g., U.S. Patent Nos. 10,563,184;
&,863,715; 9,650,648, 1.S. Patent Publication Nos. 2015/0132269; 2018/0111975;
and 2019/017770%.

16 Composiions/Systems of the Invention
02103 Described herein are modified avtologous HSC/PC that are delivered
to the subject to practice the methods according to certain embodiments. Two
mRNAs encoding the right and left ZFN partners are delivered to the harvested
HSC/PC which are targeted to the BCL11a erythroid enhancer sequence. In certain

I5  embodiments, the mRNAs include SB-mRENHT and SB-mRENH2. In any of the
methods described herein, the CD34+ HSC/PCs are harvested {e.g., apheresis) after
mobilization in the subject by treating the subject with one or more doses of G-CSF
and/or one or more doses of plerixafor prior to isolation and the mobilized cells. In
certain embodiments, at least about 25 x 10° CD34+ HIPCs/kg are harvested in total

20 or per gpheresis cycle and may be cultured for any length of time. The resulting
genetically modified cells may be cultured and descendants thereof will include the
specific BCL11A genetic modification {e.g., loss than 1% of cells having off-target
{non-BCL11 A} modifications}, but not necessarily the mRNA{s).
211 Cells comprising the BCL11A knockout are then infused into the

25 subjects. Additional medifications, for example inactivation of HLA genes may be

made in the specific BCL1TA genetically modified cells,

Cells
{0212] Alse provided herein are genetically modified cells, for example,
30 HSC/PC comprising a targeted knockout of the BCL11A erythroid enhancer. The
knockout is created by treating harvested HSC/PC with mRNAs encoding the right

and left ZFN partners which when translated, will result in an active ZFN. The ZFN
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cleaves the BCL11A ervthroid enhancer such that a double strand break in the DNA
occurs. The cellular machinery repairs the double strand break using etror-prone nown-
homologous end joining (NHEY) which resulis in the insertion and deletion of
nucleotides (indels) around the cleavage site,

S [6213] Both antologous (e.g., subject-derived) and allogenic (healthy donor
derived} HSC/PC can be used in the performance of the method.
192141 The cells as described herein are useful in cell therapy for treating
and/or preventing B-thalassemia disease in a subject with the disorder. In the case of
modified stem cells, after infusion into the subject, in vive differentiation of these

13 precursors into cells expressing the functional protein (from the inserted donor) also
CCCurs.

{0218} Pharmaceutical compositions comprising the cells as described herein
are also provided. In addition, the cells may be crvopreserved prior to administration
0 a subject.

15 (8216} The cell populations (and compositions} deseribed herein comprise
genetically modified cells specifically at the BCL11A locus, including genetically
modified cell populations in which less than 10% (0 to 10% of any value
therebetweeny), preferably less than 5% (0 to 5% or any value therebetween), even
more preferably less than 1% of the cells {0 to 1% or any value therebetween) and

20 even more preferably less than (.5% (0 to 1% or any value therebetween) of the cells
mclude genetic modifications outside the BCL11A locus (but may include additionsl

modifications such as inactivation of HLA markers).

Belivery

182177 The ex vive delivery of nucleases, polynucleotides encoding these

]
N

nucleases, donor polynucleotides and compositions comprising the proteins and/or

polynucleotides described herein may be delivered to the harvested HSC/PC by any

suitable means.

{8218] Methods of delivering nucleases as described herein are described, for
30 example, in U.S. Patent Nos. 6,453,242; 6,503,717, 6,534,261, 6,599,692; §,607,882;

6,689,3538; 6,824,978; 6,933,113; 6,979,534, 7.013,219; and 7,163,824, the

disclosures of all of which are incorporated by reference herein in their entireties.
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10219} MNucleases and/or donor constructs as described herein may also be
delivered using vectors containing sequences encoding one or more of the zince finger,
TAL-~effector domain and/or Cas protein{s). Any vector systems may be used
including, but not Hmited to, plasmid vectors, retroviral vectors, lentiviral vectors,
adenovirus vectors, poxvirus vectors; herpesviras vectors and adeno-associated virus
vectors, ete. See, also, UK, Patent Nos. 6,534,201: 6,607,882; 6,824 978; 6,933,113
6,979,539; 7.013,219; and 7,163,824, incorporated by reference herein in their
entireties,

{02281 Conventional viral and non-viral based gene transfer methods can be
used to introduce nucleic acids encoding nucleases and donor constructs in cells {e.g.,
mammalian celis) and target tissues, Non-viral vector delivery systems include DNA
plasmids, naked mucleic acid, and nucleic acid complexed with a delivery vehicle such
as a liposome or poloxamer. Viral vector delivery systems include DNA and RNA
viruses, which have either episomal or integrated genomes after delivery 1o the cell.
For a review of gene therapy procedures, see, Anderson {(1992) Science 256:808-813;
Nabel & Felgner (1993) TIBTECH 11:211-217; Mitand & Caskey (1993) TIBTECH
11:162-166; Dillon (1993) TIBTECH 11:167-175; Miller (1992} Nature 357:455-460;
Van Brunt (1988) Bistechnology 6(10):1149-1154; Vigne {1993} Restorative
Newrology and Newoscience §:35-36; Kremer & Perricaudet {1995) British Medical
Bulletin 51(1}:31-44; Haddada et al.,, in Current Topics in Microbiglogy and
Immunology Doerfler and Bohm {eds.) (1995); and Yu et al. (1994) Gene Therapy
1:13-26,

(0221 Methods of non-viral delivery of nucleic acids include electroporation,
tipofection, microinjection, biolistics, virosomes, liposomes, immunoliposomes,
polycation or lipidinucleic acid conjugates, naked DNA, artificial virions, and agent-
enhanced uptake of DNA, Sonoporation using, e.g., the Sonitron 2000 systern (Rich-
Mar) can alse be used for delivery of mucleic geids.

16222} Additiona! exemplary nmucleic acid delivery systems include those
provided by Amaxa Biosystems {Cologne, Germany), Maxeyte, Inc. {(Rockville,
Maryland}, BTX Molecular Delivery Systems (Holliston, MA) and Copernicus
Therapeutics Inc, (see for example U8, Patent No. 6,008,336}, Lipofection is
described in e.g., U.S. Patent Nos. 5,049,386; 4,946,787; and 4,897,355) and
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lipofection reagents are sold commercially {e.g., Transfectam™ and Lipofectin™).
Cationic and nentral lipids that are suitable for efficient receptor-recognition
lipofection of polynucleotides inchude those of Felgner, International Patent
Publication Nos, W 91/17424, WO 91/16024.

18233] The preparation of lipidinucleic acid complexes, including targeted
liposomes such as immumolipid complexes, is well known to one of skill in the art
(see, e.g., Crystal (1995} Science 270:404-410; Blaese et al. (1995) Cancer Gene
Ther. 2:291-287; Behr et al. (1994) Bioconjugate Chem. 5:382-38%; Remy et al,
{1994} Bioconjugate Chem. 3:647-654; Gao et al, (1995} Gene Therapy 2:710-722;
Ahmad et al. (1992) Cancer Res. 52:4817-4820; U.S. Patent Nos. 4,186,183;
4,217,344; 4,235,871, 4,261,975; 4,485,054; 4,501,728; 4,774,085, 4,837.028; and
4,946,787

{6224} Additional methods of delivery include the use of packaging the
nucleic acids to be delivered into EnGenelC delivery vehicles (EDVs). These EDVs
are specifically delivered to target tissues using bispecific antibodies where one arm
of the antibody has specificity for the target tissue and the other has specificity for the
EDY. The antibody brings the EDVs to the target cell surface and then the EDV is
brought into the cell by endocytosis. Once in the cell, the contents are released (see,
MacDHarmid et al. (2009} Nature Biotechnology 27(7):643).

{0225} The nse of RNA or DNA viral based systems for the delivery of
nucleic acids encoding engineered ZFPs take advantage of highly evolved processes
for targeting a virus fo specific cells in the body and trafficking the viral payload to
the nucleus. Viral vectors can be wsed to treat cells in vitro and the modified cells are
administered to subjects (ex vive}. Conventional viral based systems for the delivery
of ZFPs include, but are not Hmited to, retroviral, lentivirus, adenoviral, adeno-
associgted, vaccinia and herpes simplex virus vectors for gene transfer. Integration in
the host genome is possible with the retrovirus, lentivirus, and adenc-associated virus
gene transfer methods, often resulting in long term expression of the inserted
transgene. Additionally, high transduction efficiencies have been measured in many
different cell types and target tissues.

{0226} Recombinant adeno-associated virus vectors (rAAV) are a promising

alternative gene delivery systemn based on the defective and nonpathogenic parvovirus

&7



10

20

WO 2020/205838 PCT/US2020/025919

adeno-assoctated type 2 virns, All vectors are derived from a plasmid that retains
only the AAV 1435 bp inverted terminal repeats flanking the transgene expression
cassette. Efficient gene transfer and stable transgene delivery due to integration into
the genomes of the transduced cell are key features for this vector system. (Wagner et
al. (1998} Lancet 351(91173:1702-3; Kearns et al. (1996) Gene Ther, 9:748-55).
Other AAY serotypes, including by non-limiting example, AAV1, AAV3, AAV4,
AAYS, AAVE, AAVE, AAV 8.2, AAVY and AAV rh10 and pseudotyped AAV such
as AAVZ/8, AAV2/S and AAV2/6 can also be used in accordance with the present
mvention. In some embodiments, AAV serotypes that are capable of crossing the
blood brain barrier are used.

{02271 Replication-deficient recombinant adenoviral vectors (Ad) can be
produced at high titer and readily infect a number of different cell types. Most
adenovirus vectors are engineered such that a fransgene replaces the Ad Ela, Elb,
and/or E3 genes; subsequently the replication defective vector is propagated in human
293 cells that supply deleted gene function in trans. Ad vectors can transduce
multiple types of tissues in vivo, including non-dividing, differentiated cells such as
those found in liver, kidney and muscle. Conventional Ad vectors have a large
carrying capacity. An example of the use of an Ad vector in a clinical trial involved
polyaucleotide therapy for anti-tumor immunization with intramuscular injection
(Sterman et al. (1998} Hum. Gene Ther. 7:1083-9). Additional examples of the use of
adenovirus vectors for gene transfer in clinical trials include Rosenecker et al. {1996)
Infection 24(1):5-10; Sterman et al. (1998) Hum. Gene Ther. 9(7):1083-1089; Welsh
et al. (1995) Hum, Gene Ther. 2:203-18; Alvarez et al. (1997} Hum. Gene Ther.
5:5397-613; Topf et al. (1998) Gene Ther. 5:507-513; Sterman et al. (1998} Hum.
Gene Ther. 7:1083-1089.

10228} Packaging cells are used to form virus particles that are capable of
infecting a host cell. Such cells include 293 cells, which package adenovirus, and y2
cells or PA317 cells, which package retrovirus. Viral veciors used in gene therapy are
usually generated by a producer cell line that packages a nucleic acid vector inio a
viral particle. The vectors typically contain the minimal viral sequences required for
packaging and subsequent integration into a host (if applicable), other viral sequences

being replaced by an expression cassette encoding the protein 1o be expressed. The
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missing viral functions are supplied in trans by the packaging cell line. For example,
AAY vectors used in gene therapy typically only possess inverted terminal repeat
{ITR) sequences from the AAV genome which are required for packaging and
integration into the host genome. Viral DNA is packaged in a cell Hine, which
contains a helper plasmid encoding the other AAV genes, namely rep and cap, but
lacking TTR sequences. The cell line is also infected with adenovirus as a helper, The
helper virus promotes replication of the AAV vector and expression of AAV genes
fromn the helper plasmid. The helper plasmid is not packaged in significant amounis
due to a lack of ITR sequences. Contarnination with adenovirus can be reduced by,
€.2., heat freatment to which adenovirus is more sensitive than AAY,

{6329} Compositions comprising genetically modified cells as deseribed
herein may be delivered to a subject in any suitable manmner, including by infusion.
Prior to adminisiration of composition comprising the genetically modified cells, the
subject may be treated with {administered) one or more myeloablative condition
agents one or more times, for example, busulfan administered: intravenously (IV) at
between about (.5 to 5§ mg/kg for one or more times; [V at about 3.2 mg/kg/day; IV
via central venous catheter for 4 days total dose of about 12.8 mg/kg prior to infusion
on Days -6 through -3 before infusion of the composition comprising the genetically
wodified cells on Day 0; or IV once daily or every 6 hours,

{82381 Any dose of genetically modified cells can be used, for example,
hetween about 3 x 106 cells/kg and about 20 x 106 cells/kg (o.g., where the cells are
formulated with approximately 1.0- 2.0 x 108 cells per bag at a concentration of
approximately 1 x 107 cells/mL).

9231} Pharmaceutically acceptable carriers are determined in part by the
particular composition being administered, as well as by the particolar method used to
administer the composition. Accordingly, there is a wide variety of suitable
formulations of pharmaceutical compositions available, as described below {see, e.g.,
Remuington’s Pharmaceutical Sciences, 17th ed., 198%).

(0232} Formulations for both ex vive and in vivo administrations include
suspensions in Hguid or emulsified liquids. The active ingredients often are mixed
with excipients which are pharmaceutically acceptable and compatible with the active

ingredient. Suitable excipients include, for example, water, saline, dextrose, glycerol,
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ethanol or the like, and combinations thereof. In addition, the composition may
contain miner amounts of auxiliary substances, such as, wetting or emulsifving
agents, pH buffering agents, stabilizing agents or other reagenis that enhance the

etfectivencss of the pharmaceutical composition,

Applications

18233} The methods of this invention contemplate the treatment and/or
prevention of §-thalassemia. Treatment can comprise knock out of the BCL11A
enhancer sequence in a cell to block the expression of the BCLI1A protein, BCL11a

10 protein is known to repress expression of fetal globin, so knock out of BCLI1A will
result in a lack of repression of the HbF gene. The methods and compositions of the
invention also can be used in any circumstance wherein it is desired to knock out the
BCLI1A erythrotd enhancer in a hematopoietic stem cell such that mature cells {e.g.,
RBCs) derived from these cells contain the therapeutic knockout. These stem cells

15 can be differentiated in vitro or in vivo and may be derived from a universa] donor
type of cell which can be used for all subjects. Additionally, the cells may contain a
transmembrane proiein o traffic the colls in the body. Treatment can also comprise
use of subject cells containing the therapeutic transgene where the cells are developed
ex vivo and then introduced back into the subject. For example, HSC/PC containing a

20 BCLI1A erythroid enhancer knockout may be inserted into a subiect via an
autologous bone marrow transplant.
16234} Thus, this technology may be of use in a condition where a subject has
a mutation in their B-globin gene or a deficiency in its expression. Genetic defects in
the sequences encoding the hemoglobin chains can be responsible for a group of

25 diseases known as hemoglobinopathies that include sickle cell anemia and the beta
thalassernias, In thalassemia minor, only one of the § globin alleles bears a mutation.
Individuals will suffer from rwicrocytic anemia, and detection usually involves lower
than normal mean corpuscular volume (<&GL). The alleles of subjects with
thalassemia minor are §+/B or BO/B {(where ‘B4 refers to alleles that allow some

3¢ amount of § chain formation to occur, ‘P’ refers to wild type § globin alleles, and “B0°
refers to B globin mutations associated with a complete absence of beta-globin

expression). Thalassernia intermedia subjects can often manage 3 normal lfe but may
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need occasional transfusions, especially at times ofillness or pregnancy, depending
on the severity of their anenia. These patient’s alleles can be B+/8+ or BO/B+,
Thalassemia major occurs when both alleles have thalassemia mutations (B0/ 80).
This 1s severely microcytic and hypochromic anemia. Unireated, it causes anernda,
splenomegaly and severe bone deformities and progresses to death before age 20.
Treatment consists of pertodic blood transfusion; splenectomy for splenomegaly and
chelation of transfusion-caused iron overload. Bone marrow transplants are also
being used for treatment of people with severe thalassemias if an appropriate donor
can be identified, but this procedure can have significant risks. In the majority of
patients with hemoglobinopathies, the genes encoding gamma globin remain present,
but expression is relatively low due to normal gene repression occurring around
parturition.

{8235} In some applications, provided herein is 8 method of improving or
raaintaindng (slowing the decline} of thalassemia-related disease biomarkers in a
human subject having B-thalassemia {e.g., B-thalassemia major {TDT) or B-
thalassemia minor} as compared with a subject that has not been treated with the
methods and compositions of the invention. In other applications, provided herein is
a method of decreasing the need (dose level or frequency) for PRBC or other blood
product infusions in a subject with § thalassemia as compared with the subject prior to
freatment with the methods and compositions of the invention. In yet another aspect,
provided herein is a method of reducing iron overload in a patient with B-thalassemia
that occurs from chronie blood product infusions,

18236} Thus, provided herein are methods of treating a beta-thalassemia (e.g.,
TDT) in a subject in need thereof by administering {e.g., by infusion) a genetically
modified cell in which BCLI1A is inactivated in the cell to the subject such that HbF
production in the subject is increased and one or more clinical symptoms of B-
thalassemia are decreased. The subjects with TDT that are treated may exhibit one or
more of the following: (1} a change from baseline of clinical laboratory hemogiobin
fractions {adult hemoglobin, HbA and fetal hemoglobin, HbF) in grams/dL plasma
and/or percent HbF of total Hb; (2) alteration {e.g., to or near normal levels) of
thalassemia-related disease biomarkers such biomarkers of iron metabolism; and/or

levels of erythropoietin, haptoglobin and/or hepeiding (3) reduction or glimination of
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symptoms in the subject associated with iron overload associated with baseline
transfusion therapy, optionally wherein a decrease in endocrine dysfunction is assayed
by measuring level and/or activity of thyroid hormones, IGF-1, morning cortisol,
adrenocorticotropic hormone (ACTH), HbA1C, vitamin D, HbA, HbF, ervihropoietin,
haptoglobin, hepcidin, thyroid hormones, IGF-1, cortisol, ACTH and/or vitarin D in
the subject; (4) reduction or elimination of the need for blood product infusions,
including PRBC wansfusions, platelet infusions, IVIG, plasma transfusion and/or
granulocyte transfusion; {5} reduction or elimination of liver disease; {6) reduction or
elimination of cardiac abnormalitics; (7) reduction and/or elimination of osteoporosis
and/or bone fractures and/or a change from baseline in bone mineral density; (8)
reduction or elimination of atypical morphologies {e.g., hyperplasia) and/or the
number of immature erythroid cells; and/or (9} a change from baseline (pre-treatinent
levels) in the mumber and percent of F cells.

182371 The Karnofsky Performance Scale is a simple, widely-accepted tool for
evaluating fonctional impairment in patients. Each subject will be evaluated and
scored at the specified visit using the Karnofeky Performance Status Scale Definitions
Rating Criteria. Subjects with a score on the Kamofsky Performance Scale <60 at the
screening visit are not eligible to participate in this study. Change from baseline will
be evaluated.

{0238} The genetically modified cells may be stem cells {e.g., CD34+
HSC/PC, ST-400) and may be autologous or allogeneic {(e.g., isolated from healthy
donors) and the allogeneic cells may be further modified {e.g., in addition to BCL11A
inactivation)}, for example {o remove one or more self-antigens {e.g., HLA complexes)
to from the allogeneic cells. See, e.g., U.S. Patent Nos. 8,945,868; 10,072,062; U.S,
Patent Publication No. 2018/0362926. Autologous cells may be mohilized in the
subject prior to modification ex vivo by treating the subject with one or more doses of
G-C8F and/or one or more doses of plerixafor and the mobilized cells are harvested
by one or more apheresis cycles. Optionally, at least about 25 x 10° CD34+
HSPCs/kg are mobilized in the subject. The cells may be genetically modified to
inactivate BCL11A using one or more nucleases, for example wherein the nucleases

are introduced into the cell a3 mRNAs as disclosed herein (SEQ 1D NO:15 and SEQ

~3
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ID NO:16). Following ex vive genetic modification, the cells may be evaluated for
insertions and/or deletions within BCLT1A.

{6239} The subject to be treated may also be pre-treated with one or more
myeloablative agents prior to admiuistration of the genetically modified cells {e.g., 10
to 1 day before treatment), for example, via intravenous (V) administration of
busulfan is at between about 0.5 to 5 mg/kg (or any value therehetween) for one or
more times; [V administration of busulfan is about 3.2 mg/kg/day; IV via central
venous catheter for 4 days total dose of about 12.8 mg/kg prior to infusion on Days -6
through -3 before infusion of the modified HSPC on Day §; or IV administration of
busuifan is once datly {e.g., 4 doses) or every 6 hours (total of 16 doses). Any dose of
genetically modified cells may be used, including but not limited to between about 3 x
106 cells/kg and about 20 x 106 celle/kg optionally wherein the cells are formulated in
infusible cryomedia containing 10% DMSQO. The cells may be formulated in any
suitable container or packaging, for example in an infusion hag {e.g., comprising
approximately 1.0- 2.0 x 108 cells per bag at a concentration of approximately 1 x

1607 cells/mL}.

1323403 As used herein, the term “approximately” or “about” as applied to one
or more values of interest refers to a value that is similar to a stated reference value,

In cerlain embodiments, the term refers to a range of values that fall within 10%, 9%,
8%, 7%, 6%, 3%, 4%, 3%, 2%, 1%, or less in either direction (greater than or less
than} of the stated reference value uniess otherwise stated or otherwise evident from
the context,

18241) The following Examples relate to exemplary embodiments of the
present disclosure in which the nuclease comprises a zinc finger nuclease (FFN) or
TALEN. I will be appreciated that this is for purposes of exemplification only and
that other nucleases or nuclease systems can be used, for instance homing
endonucleases {meganucleases) with engineered DNA-binding domains and/or
fusions of naturally occurring of engineered homing endonucleases (meganucleases)
DNA-binding domains and heterologous cleavage domains and/or a CRISPR/Cas

system comprising an enginesred single guide RNA.
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EXAMELES

Example I; ZFN design

{82421 The ZFN pair is made up of a &-finger ZFN {encoded by mRNA 8B-

mRENHI) and a S-finger ZFN (encoded by mRNA SB-mRENH2) that binds to 2 33
5 base pair (combined} target site in the erythroid-specific enhancer of the human

BCL11A gene at location chr2:60,495,250-603,495,290 in the GRCh38/hg38 assembly

of the human genome. The preparation of the ZFN and polynucleotides encoding

them is as follows: The SB-mRENHand SB-mRENH2 mRNASs are produced in

vitro by methods known in the art. The mRNAs comprise seguences encoding the
10 ZFN pariners, and also comprise features such as nuclear localization sequences and
peptides. Table I shows the helices associated with each partaer ZFN (see U.S.
Patent No. 10,563,184; U.S. Patent Publication No. 2018/06087072):

Table 1: ZFN design

sBs 4 Dazign
200 < 3
) Helix Begquence, SEQ ID] Linkexr
{target { e Q ] +
site, 57~ : : ; S — . p—
371 [Mutations to finger bhackbone] Fok
- _ mutants
N w2 F3 F4 ¥5 F6
63014 | DOSNLRA | RNFSLTM | STGNLTN | TSGSLTR | DQSNLRA | AQCCLEH
aahGCRACE | (SEQ ID | (SEQ ID | {(€8Q ID | (SEQ ID | (SEQ ID | {(SEQ ID L7ch
GTTAGCTTE | NC:8) | NO:6) NG:7) 1 ND:8) | RO:8) NO: 9}
. CACtagact
, - : ELD
aye] ) wons B =
(SEQ ID Qs none ombh nons Qms none
NG:3)
£§5722
gzggizg é“ RNDHETT | QKAHLIR | QKGTLGE | RGRDLSR | RRDNLES Lo
*ttgf’gvtg {SEQ ID | (SEQ ID | (SEQ ID | (SEQ ID | (SEQ ID N/a
LS A
NO: 1 $0O 1 3 NQ: NG:13) NOs14)
¢ (am0 1D 0:10}) | ¥O:1i} 0:12) 3:13)
NG:4)
Oms Qs none Qms nonea N/A Kg;; a
i5
10243} The complete nucleotide sequence for the SB-mRENHT mRNA (1725

nucleotides} is shown below:

5’ gggagacaagouiugaauuacaagoungouuguucuuniugcagaagoucagaay
20 aaacgoucaatuuuggCagaucgaauucgrAlggacUACaAAgaACCaAuUgacTguga
WUALaAAGaUuCaUgacaucgaluaCaaggaugacgaugacaaganggoococaagaa

~.}
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Jaagaggaaggucggcauccacyggoguaccogeogouauggugagaggoocuuaca
guguogaaucugCaugoagaacuucagugaccaguccaaccugegogoecacauceyg
cacocacaceggogagaageouliugecugugacanutugugogaggasanuugeceg
CRACULCUCCCUGACCAUgCauaACCaaAgauaACaACACgUUUaAgCtaaaagooouucca
JUFUCHRAUCUGCAUGCAgaaCuuCaJUUCCacogyCaasouaccaaccacauccy
CRCCCACACOIYCIAYaagoCULLUGCCUTUIACRUINGUIYAgIAaauuRgCCac
CUCCHYUUCOOUgACCOUUCAlACCAAJaANACACAtgCATCCgCgogooargansod
FARagooouuCcagugudgaatcugcaugragaatulcagugac caguoCaacougog
CHCCCacaudCgacCraraceggogagaagcouliingeougugacatuuguaggag
FRAAVULGCCYCCCRGUTUUIRCUIUUCCACCaUACCRAgAUACAC O UG CUggUans
caucagragagecagaccacugaacoogoaccoggagcuggaggagaagaaguecga
gougCggracaagougdaaguacgugcosCcacgaguacaucgagCugalcgagaucgs
caggaacageaccraggaccgoalcouggagaugasgauganggaguucuucaugaa
gouguacggcuacaggggaaageaccugggoggaageagaaagoougacggogocan
CRAUACAJUIIYCAgrCCauCgaltuacggogugaucguggacacsaaggocuacad
CHYegEUACRALCUYCOURUCIYCCagYCrgacgadaugyadagauacquaggagga
GAACCAJACCOYGIaAlaagracCucadccCraactaguaguggaaguuguaccCuag
CAFCHUFACCYRGUUCAATUUC CUgUUCUIAgCIgCCacUUCRAgIICaacuacaa
FYCCCagrugaCCaggtugRACCACAUCACCAACUTCARUGICYCOTUICUIaAT O
ggaggagougrugancggeggogagaugaucaaagooggoaccougacacuggagga
gUUgCggegCasguucaacaacgyogagaucaatuutagaucuigauiacucgagus
UAGERAgCUCECUUILCUNGCUGUACAa Ul UCUalUAAagTUICCULMTULRCOCUAATL
ceaaduauasasuggggdatauuaugaagggcouugageatcuggatucugocuaa
Uaadaaaatuuauuuucatugoug g ruagaagousgouuuculgouguacaanun
CRAUURSATIULCCULUGUUCCCUAAGUCCaACUACLAAATRIIYYIalanuaugas
JYgoouIgagCalugganucugeCUaatiagaaaacanuuatunucauugeug ey
ACAUUCULAaULAA3R8AAdA3a3AA83AA8RAAAARAARANAAGAARAAARARAAA
asaaaadaaaaaaaacuayg (SEQ ID NO:15)

10244} Further, the complete nucleotide sequence for SB-mRENH2 mRNA is
shown below (1680 nucleotides):

5 gggagacaagtuugaauacasgouilgounguticuuiiiugcagaagucagaauas
ACHOUCAACUIUTGCagauCTaaluCgrCUagagautuggCggCygagagayCagay
JaagucuuCuiaacCugogougacguggaggagaaucooggoc cuaggaccauggacu
ACAAAGACCAUTRCIIUJALUALEAATRUCaUgACaALCgaUlACRAgTAUgACgaug
ACAAAUGYCCOUCaAdaagaaAgagYaagUuCggCaluCauggguacoCcgeogousa
UGGCUGagaggeCouuCaguguodagucugCalgCagaa guulgoCogCaacgace
ACCEraCCatcoalaclaagalacasacgggCgagaagcosuucoaguguegaauc
JraugCagaacuutagucagaaggocCancugaucogUacancegCacoCatacay
FUgagaagoouuuugCougugdacatuugugggaggadatuugcoCagaagggoacas
UgYgCegagranacocaafalatacacgggaucuCagaagooulccaguguegasucuy
graugragaacuncaguogeggeogudatiugulocogUCacalccgCac CCacacoy
gUgagaagoouILgCCUgUIACAUUIGUGYUEggaaaAluUgCaCgCogogacaana
UGCACUCCCAUACCAaRUACACCUTCYgIgauscoagouggugasgagegagougy
AggagaagaagueCgageugegygcacaagCugaaguasgugeCCCaCgATuATAuCY
AGCUGARUCHRgAUCYICCAJYAACAGCACOCAgIACCraUCCUggAgaugaagguga
UFAgULCUUCaUgaaggugURcHgCuaCagygUaaagUac cugggcygyaageagas
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agoougacggogolauusuacagugggagoccsanucgatuacggegugausgugy
acaaaaggoouacagoggrggouacaaucugocuatcggeeaggoocgacgagauge
agagauacgudaagyagaacCagaccoggasuaagacalcaadcocaacgaguggu
ggaagguguacouageageugaccgaguucaaguuccuguucgugageggocacu
UWCAJCIgIUaacuacaaggeoagougaccaggrugaacogoaasaccaacugeaany
gegooguiugagoquigaggagougougaucggcggcgagaugatcaaagoaggea
CeoUgACACUgYAgURgIUgUggUgCadgUUCaACARACOYCJATRUCAACIUCUTAL
aacucgagucuagaagoucgruuuciugouguocaguiuucuanuasagounecunug
micuaaguocaadsuacuaaacugggggauauuaugaagggoouugagaucugaa
uucugocuaaudaassacauuiauiiucatugougegcuagaagaoucgouuusunge
NJUC AU CUATURAaFTUUCCUULTUUCCCUIAJUCCAaCUACURRaCUTYgUy
AUaULAUGRAGEICCURYagCaucuUggaluicugoouagauasrdaaacauuuauuuuca
URFCUGCHYUacatucCiaauua aiaasadaiaaasaasadaasaassnasaaasaaa
RBARARJAAAB3R23338388aaaacuag (SEQ ID NO:1le}.

Example 3: Cell modification method development

{6245} In vitro studies: mobilized human CD34+ HEPCs were collected by
apheresis from healthy subjects and purified. Purified HSPCs were transfected with
ZEN mRNAs SB-mRENHI and SBmRENHZ. Untransfected CD34+ HRPCs from the
same subjects served as controls, Forty-eight hours afier transfection, the transfected
CIx34+ HSPCs ("ST-4007) were harvested and frozen for use in in vitro studies.
{0246} To analyze the effects of ZFN-mediated gene editing of the human
erythroid-specific enhancer of the BCL11A gene, the modified cells from above were
placed in an in vitro erythropoiesis model known gs “cRBC pooled differentiation”
{Giarratana et al. (2011} Blood 118(191:5071), which entails culture for 21 daysina
3-step hiquid culture with pro-erythroid cytokines. BCLI1A enhancer gene
modification was measured in 8T-400 by MiSeq deep sequencing in DNA samples
harvested 2 days after transfection, at the beginning of the in vitro differentiation and
on Day 14 of the in vitro differentiation, prior to enucleation of a large fraction of the
erythwoid cells. Modification of the BCL11 A enhancer locus in fransfected celis
meluded abouot 75% indels, within the range expected during production of clinical
material. Gene modification levels were <0.2% in untransfected control HSPC.
162477 Cell growth {expansion) was monitored over the course of the
erythroid differentiation. Enucleation, a measure of erythroid maturation, was
determined at Day 21. Expansion of transfected HSPCs ranged from about 2500- to
9000-fold and was approximately 2-fold lower than in untransfected HSPCs,

reflecting the impact of the transfection procedure on early cell growth. The percent
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of emucleated cells did not differ between transfected and untransfected celis (ranging
from about 59-62% in both cases),

{8248} Reverse-phase UPLC of protetn samples isolated at Day 21 (the end
point of the erythroid differentiation) was used to measure g-, §-, and y-globin levels
in the ervthroid progeny of the transfected HSPCs.

(8249} As shown in FIG. 2, the ratic of y-globin to B-globin and of v-globin to
a-globin was increased approximately 3- to 4-fold in the eryihroid progeny of $T-400
compared to the untransfected HSPCs. This finding demonsirates an outcome of that
targeted gene modification results in elevation of y-globin protein, which should
1acrease HbF levels in the erythroid cells of patients with TIXT, The observed
increases in y-globin levels are similar to those published for other methods targeting
BCLIIA (Wilber et al. (2011) Blood 117(103:2817-26} and those detected in patients
with BCL11A haploinsufficiency (Basak et al. (2015) J Clin Invest 125(61:2363-%;
Fannell ef al. (2015) Blood 126(1):88-93).

102501 For assessment of functional potential of the modified HSPC (assessed
as proliferation and differentiation fo hematopoietic lineages), the mumber and
morphology of colonies formed by a fixed number of input cells in the CFU assay
was used. Untransfected CD34+ HSPCs derived from the same subjects were used as
negative controls. The CFU assay was performed using standard procedures. Briefly,
triplicate cultures of 100 or 300 cells each were plated in 6-well plates, and incubated
for 14 days, at which time point the cultures were scored for colony count and type of
colony, Post-thaw viabilities were cquivalent {(about 72% to 83% in transfected
HESPCs; about 86% in wniransfected HSPCs). Percent plating efficacy of transfected
HSPCs ranged from 15.7% to 45.7%, compared to 37.3% to 75.0% with untransfected
HSPCs. The plating efficiency of 8T-400 falls within ranges reported in other studies
with gene-modified cells (Dever ef al. (2016) Nature 539(7629):384-389; Wu et al.
(2001} Gene Ther &(5):384-90} and the lower efficiency compared to uniransfected
HSPCs 13 hkely due to the impact of electroporation and gene modification.

{0251} As shown in Table 2, the modified HSPC differentiated into all
hematopoietic lineages, including erythroid progenitors {CFU-E and BFU-E),
granulocyte/macrophage progenitors (CFU-G/M/GM}, and mulii-potential progenitors
{CFU-GEMM). The percentages of CFU-E derived from the modified HSPC were

"
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similar to those of the uniransfected HSPCs, and the percentages of CFU-G/M/GM
and CFU-GEMM were only mintmally different. Thus, transfection and genetic

modification with ZFN mRNAs SB-wmRENH1T and SB-mRENH?2 has minimal or no

Lot No. Electroporation Calisfweli | Average CFU Average
_ condition £ GIMIGM GEMM 1 Total (FU
PB-MR- mRENHI/MRENHZ | 100 16.3 177 L 0B 4.0
003 untransfected 100 253 | 453 | a3 75.0
- PB-MR- MRENHI/MRENHZ | 100 | 10.0 35.7 00 | 457
004 untransfected |+ 100 107 L 458 18 i 567
PB-MR- mMRENHI/MRENH2 300 177 1 293 06 417
- 006 - untransfected 00 L 207 i 320 0 10 | 537
PE-CH-002 | mRENHI/mRENHZ 300 ¢ 137 0 383 0.0 51.0
uniransfected 100 _ 9.0 27.0 1.3 37.3;
PB-CH-003 | mRENHI/mRENHZ . 300 | 133 | 27 1 ip 47.0
| untransfected | 100 187 1 403 1 Q6 | 807
{6282} Colony Formation in Soft Agar by 8T-400-Transfected Fibroblasts:

For assessment of transformation/tumorigenic potential, anchorage-independent
growth of human WI-38 fibroblasts transfected with ZFN mRNAs SB-mRENHI- and
SB-mRENH2 was assessed in a soft agar transformation assay. Gene modification
levels were measured at ~73% indels in the genetically modified WI-38 cells
compared to ~0.3% in uniransfected WI-38 cells, No anchorage-independent growth
of the transfected and uniransfocted WI-38 cells was observed at any time point. The
results show that transfection with ZFN mRNAs SB-mRENH land SB-mRENH2, and
the resultant ZFN-mediated disruption at the erythroid-specific enhancer of the
BCLI1A gene in WI-38 cells, did not promote tumorigenicity.

{82831 Karvoryping of modified CD34+HIPC: A karyotype analysis was
conducted with the modified HSPCs, ZFNs are designed o induce DSBs in the
genome at a specified target locas. Given their mechanism of action, it is possible that
off-target activity of ZFNs could result in unplanned genetic changes. Visual
examination of spread chromosomes from individual cells (karyotyping) can provide
a global view of genetic integrity, and detect genetic abnormalities, including large-
scale structural or numerical chromosormal changes that could be missed by other,

more targeted tests,
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18254} To evaluate gross chromosomal morphologies, modified HSPC derived
from 3 healthy subjects onderwent karvotype analysis. Untransfected CD34+ HSPCs
from the same subject served as control. MiSeq deep sequencing showed that gene
modification at the ervthroid-specific enhancer of the BCL11A gene was from 77% to
79% indels in the transfected HEPCs, compared to <0.1% indels in untransfected
HSFCs. The karyotyping analysis showed that all cells were of human origin, and
none had gross chromosomal abnormalities. Cytogenetic analyses of the modified
HEPC showed no gross structural or numerical chromosormal abnormalities related to
tregiment.

{82857 Double strand breaks in modified HSPC: modified HSPCs were tested
in the p33-binding protein 1 (S3BP1) assay to evaluate the duration and specificity of
£FN activity of over 7 days by immunchistochemistry. Gene modification levels were
assessed on Days 1 and 2 posi-transfection. 53BP1 is recruited to sites of DSBs within
24 hours after they oceur and is involved in DSB repair via NHEJ, the major pathway
for repair of ZFN-induced IX8Bs. The repair sites are visualized as intensely stained
and distinet foci within the nuclous of fixed cells using imnunofluorescence
microscopy with antibodies to 33BP1. Assessment of DSBs using this method
provides an unbiased temporal measure of net ZFN action (both on- and off-target).
DSB in modified HSPCs were assessed, and resulis indicate that gene modification
levels remained high as S3IBP1 immunostaining levels decressed, demonstrating that
the drop in 33BP1 signal was not due to loss of transfected cells over time (FIG. 3A
through FIG. 3C). The highest levels of 53BP1 foci/cell were found 1-2 days post-
transfection. In addition, about 50% of cells showed 1 53BP1 foci/eell (1 DSB/eell) 1-
day post-transfection and about 8% of cells 7 days post-transfection (similar to
background levels ssen with untransfected cells). Gene modification at the RCLI1A
enhancer target were 73.5% and 78.5% on Davs 1 and 2 post-transfection,

[#256] Translocation assay in modified HSPCs. A molecular translocation
assay was conducted with the modified HSPCs to evaluate potential translocation
events. The frequency of translocation events occurring between the on-target locus
{(BCL11A enhancer) and all known sites of off-target cleavage (19 identified
previously) were quantified. Twelve of these were identified via a standard, MiSeq-

based deep sequencing of candidate off-target sites, and vielded indel levels in the
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~0.01% to ~0.1% range. The remaining seven sites were identified via a more
intensive assessment of a smaller locus panel via oversampling with ultra-deep
sequencing NextSeq platform, and yielded indel rates in the lower range of ~0.001%
to ~(.01%. This is a highly sensitive approach and enables detection of translocation
events at frequencies approaching one in 105 queried genomes; it was used to query
for the presence and level of reciprocal translocations between the intended cleavage
target in the BCL11A eryvthroid enhancer and each previously identified off-target
sife.

28T} Thus, 8T-400 ZFN pair is highly specific for the erythroid-specific
enhancer of the BCLITA gene and has but a minimal amount of detectable off-target
activity. In particular, MiSeqg deep DNA sequencing showed very low levels of offt
target cleavage of 0.15% or less and NextSeq analysis revealed extremely low levels
of off-target cleavage of less than 0.01%. In comparison, indel levels at the targeted
erythroid-specific enhancer of the BCL1TA gene ranged from about 79 to §6%. These
genome wide analyses indicate that indel levels at the BCL11A on-target locus exceed
the levels of modification at all identified off-target sites combined by more than a
factor of 300, Furthermore, bioinformatics analysis in conjunction with a literature
review of identified off-target loct showed no evidence of modifications to coding
regions of genes involved in critical hematopoietic functions and off-target events did
not lead to modifications that are known to be associated with hematopoietic
malignancies in humans,

[0258] Off-target Trauscriptional Effects by the 8T-400 ZFN Pair in Erythroid
Progeny: To assess off-target transcriptional activity of the optimized ST-400 ZFN
pair, the expression profile of 11 genes flanking the BCLAT1A gene were analyzed
using MiSeq deep sequencing, RNA was collected from the transfected CD34+
HEPCs on Day 14, at which time gene modification levels at the ervthroid-specific
enhancer of BCL11A gene were quantitated as »>30% compared to control, Levels of
v-globin mRNA in the transfected CD34+ HSPCs were increased about 2-fold
{normalized to 18s RNA), reflecting decreased BCL11A expression resulting from the
on-target elimination of the GATAT binding siie in the erythroid-specific enhancer of
the BCL11A gene. In contrast, the cxpression levels of the 11 genes flanking the

BCL11A gene were similar to those of the 11 genes in the control cells. Expression
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levels of 4 other genes regulated by GATAT (KLF1, SCL4AL, ZFPMI and ALASZ}
also were not affected. These results show that the activity of ZFN mRNAs SB-
mRENHT and SB-mRENH?2 is restricted to repression of BUCL11A gene transcription
and its conscquent downstream effects,

[0259] The method used to detect translocation events was an adaptation of a
standard TagMan assay for DNA quantitation (Holland et al. (1991} Proc Natl Acad
S¢i ULS. A, 8(16):7276-7280} in which polymerase chain reaction {(PCR) is performed
in conjunction with a probe that releases a fluorophore upon annealing to DNA and
subsequent degradation by the DNA polvmerase. In the intact probe the fluorophore
signal is suppressed via interaction with covalently attached quenchers. The probe is
designed to anneal inside the region that is being amplified by the PCR primers. The
fluorescent signal detected is thus proportional to the amount of amplicon present in
the sample. TagMan primers were designed to be 20 bases long and yield amplicons
that span approximately 200 base pairs (bp). Primers were synthesized and purified
using standard desalting. Fluorescent probes were designed to span 20 bp and have
60% GC content. The probes contained a §* HEX reporter dye, a 37 lowa Black FQ
quencher, and an additional internal “ZEN” quencher to further reduce background
signal. Probes were HPLC purified.

{62601 As the queried translocation sequences are not found in the native
human genome, syathetic DNA fragments encompassing the predicted translocation
junctions needed to be designed for each of the 19 off-target loci in order to generate
standard curves and assess assay sensilivity, A schematic depiction of these reagents,
along with corresponding primer and probe reagents is provided in in FIG. 4. Note
that a unique 21 bp sequence was inserted within each positive conirol template
between the BCL11A and off-target derived segments to enable sequencing-based
discernment from bona fide translocation products, in the event of suspected
contamination. Synthetic double-stranded DNA fragments were purchased as
gBlocks where the lengths of the DNA fragments ranged from 287 fo 434 bp. In FIG.
4, the top pausl depicts chromosome segments encompassing the BCL1 1A enhancer
on-target site {green) and an off-target site (orange). The botiom panel sketches
positive control reagenis (gBlocks) for detection of the corresponding translocation

products. Also shown are the approximate primer and probe locations used in the
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TagMan assay. The maroon segment within cach gBlock is a unigue sequence
inserted inte each control reagent to distinguish it from a true transiocation product
and allow for monitoring of potential cross-contamination. Product 1 gBlocks were
probed in the BCL11A region of the fragment. Product 2 gBlocks were probed in the
off-target region of the fragment.

{32511 For each queried translocation {Product 1 or Product 2, see, FIG. 4), a
standard curve was generated that contained 10000, 1000, 100, 10, 3, 1, 0.1, er 0.01
copies of synthetic gBlock DNA in the context of 100,000 haploid genomes of
CI34-+ genomic DNA (gDNA) from uniranstected cells. The two lowest points on
the standard curve (0.1 and 0.01 copies) were expected to vield negative signals and
were generated to provide additional verification of control DNA guantitation and
assay rebustness. The three-copy point was included to provide higher resolution and
additional data points in the range of the expected limit of detection for this assay.
Ten~fold dilutions were made in AE Buffer (10 mM Tris-Cl and 0.5 mM EDTA pH
9.0) from the QIAGEN DNeasy Blood and Tissue Kit (QIAGEN) containing 5 ng/ul.
of gDINA from K562 cells as carrier before transferring into tubes containing 100,000
genomes of T34+ gDNAL

{0262} Reactions were prepared using the Bio-Rad ddPCR 2x Supermix (Bio-
Rad; Hercules, CA) that contained PCR buffer, dNTPs, and DNA polymerase as per
the manufacturer’s protocol. DNA templates for the standard curves (gBlocks) were
generated. The NTC {no template conirol) sample lacked added gRlock but did
include 330 ng of gDNA from untransfected CD34+ cells. Each reaction contained
0.5 uM primers and 0.25 uM probe. Genomic BNA from cach of the three lots of §T-
400 was purified using the QIAGEN DNeasy Blood and Tissue Kit, For each tested
sample, 100,000 haploid genomes (330 ng) of DNA {from the indicated lot was added
t0 each reaction fo match the conditions used to generate the standard curve. All
samples and standards were run in triplicate. The TagMan assay was run on a Bio-
Rad CFX 96 Real-Time PCR Detection System as per the manufacturer’s instructions.
The PCR program used was as follows: 95°C for 10 min followed by 50 cycles of
94°C for 30 sec and 59°C for one min,

{0263} A TagMan assay was performed to examine genome DNA from ZFN-

treated CD34+ cells for evidence of translocations between the BCL11A on-target site
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and the 12 off-target loci that had been identified via MiSeq analysis, To accomplish
this, CD34+ cells from mobilized peripheral blood were treated with 8T-400 ZFNs
using clinical conditions for RNA transfection and expression. After two days, gDNA
was 1solated and submitted for assessment of reciprocal translocations (Product 1 and
Product 2}. The results, which are summarized in Table 3, revealed very low
translocation signals for seven of the off-target sites, with frequencies in the range of
one translocation for every 10 to 10° haploid genomes. The remaining sites showed

no evidenee of translocations.

Table 3: Translocations detected

Average Trauslocations per 100,600 haploid
transiecation gensues, by CMUT ot
level
Offtergetsite ¢ i . :
: {per 100,600 Produet § . Product 2 | Loous (D
. haploid genomes) i

Name Location Product  Product | PB- PB- PB- PB- PR~ PB-
{OTH i 2 MR- CH- CH- | MR- CH- CH-

006 03 002 306 001 002
OT1 chr8 119836440 § 2.22 0.99 AT 487 383 L F47 0.5 | NIFMAEVG
o710 chrl 23702834 3.59 7.01 673 207 197 1357 8§43 9.03 { RFGIYSHZ
T3 chird  8DERE012 8.14 (.31 0. .42 o $4.43 g 0.5 §{ FYQYHNS
076 chriQ 132654832 { 04 1.49 0. 0. 1.2 1.67 8. 2.8 § ALVTVCYL
012 chri 21635648 G.12 {. {. 8. 837 10 8. 0. PEBPWNNY
74 cheX 66004350 0.08 8. 8. 823 O 3. {. 0. MKRBBTRS
OTi2  chei® 51327822 8. (.39 Q. 2. 8. 1.17 8. 8. YIIYYWPK
OT8 chr8 94983044 &. . g. 0. 4. 8. {. . CSRBEMTR
Q17 che7 131503656 | O 8. 3, 8. 8. . 8, & LSKZRNIH
019 eyl 37707466 g. . . &, 3. 8. {3, . MDESNDIS
OTHE chele 2122340 Q. 8. g 8. a. &, . 4. FYTLXRTA
o715 chrd 49724756 {3, . 3, Q. Q. 0. 3. 0, TNIMIKZS

Example 3: Clinical study of modified HSPCs
10264}
HSPCs to treat TDT, In addition, assessment of the efficacy of the modified HSPCs

A study was ondertaken in humans to test the safety of using modified

was evaluated. Exploratory objective also included cvaluating the gene modification

characteristics (% and durability) at the erythroid-specific enhancer of the BCL11A

gene after treatment with the modified cells and assessment of the impact of the

modified cells on the biochemical, imaging, functional, and bone marrow evaluations

related to B-thalassemia and HSCT.
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[B265] Inclusion criteria for the study included six subjects {B%B° or non-
BY/B% between the ages of 18 and 40 years old with a clinical diagnosis of TDT with <
& documented PRBC transfusion events per year on an annualized basis in the two
years prior to screening for the study,  Also required was a confirmed molecnlar
genetic diagnosis of -thalassemia. Subjects included males and females willing to
use hirth control

{02661 Key exclusion criteria for subjects in the study included: previous
history of autologous or allogenic human stem cell transplant or solid organ
transplant; y-globin allelic variants associated with clinically significant altered
oXygen atfinity (examples include, but are not Himited to, Hb F-Poole, Hb F-M Osaka,
Hb F-La Grange, Hb F-Cincinnati and large deletions such as yB-thalassemia or sy8p-
thalassermia); medical coniraindication to apheresis; massive splenomegaly and
Absolute neutrophil count (ANC) <1,000/uL; renal dysfunction as defined by serum
creatinine 22.0 mg/dL; bridging fibrosis, liver cirrhosis, or active hepatitis based on
Hiver biopsy obtained in previous 12 months or at screening; treatment with prohibited
medications in previcus 30 days; clinically significant active bacterial, viral, fungal,
or parasitic infection; diagunosis of HIV or evidence of active HBVY or HCV infection
based on screening laboratory testing; Karnofsky performance scale <60; corrected
DLCG <50% of predicted or clinically-significant restrictive; hung disease based on
Screeming pulmonary function tests (PYFTs); congestive heart failure (NYHA Class 111
or IV}, unstable angina, uncontrolled arvhythmia, or left ventricular ejection fraction
(LVEF) <40%., QTcF >500 msec based on Screening ECG, cardiac T2¥% MRI <10
msec based on Screening MRI; history of significant bleeding disorder; current
diagnosis of uncontrolled seiznres; history of active malignancy in past § years {(non-
melanoma skin cancer or cervical cancer in situ permiited); any history of
hematelogic malignancy, or family history of cancer predisposition syndrome without
negative testing result in the study candidate; history of or active alcohol or substance
abuse that may interfere with study complance; history of therapeutic non-adherence;
currently participating in another clinical trial using an investigational study
medication, or participation in such a frial within 90 days or less than 3 half-lives of
the investigational product prior to Screening visit; previous treatment with gene

therapy; allergy or hypersensitivity to busulfan or study drug excipients (hurnan
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serum albumin, DMSO, and Dexiran 403; or any other reason that would render the

subject unsuitable for participation in the study.

Study Design
5 (9267} The study was performed on subjects with transfusion-dependent §-

thalassemia (TDT). Upon enrollment, eligible subjects undergo apheresis to collect
autologous CI34+ HEPCs. The CD34+ HSPCs were treated ex vive by transfection
with ZFN mRNAs SB-mRENH1 and SB-mRENH2 to manufacture the study drag.
Subjects receive conditioning therapy with intravenous (IV) busulfan before being

14 infused with the modified HSPCs, CD34+ HEPCs were mobilized in each subject
using treatment with G-CSF and plerixafor. Mobilized CD34+ HSPCs were oollected
from each subject on Days 5 and 6 (+/- Day 7 if needed to secure the rescue
treatment} of mobilization by apheresis. CD34+ HSPCs were mobilized in each
subject following G-CSF {on Days 1-6 of mobilization} and plerixafor {on Days 4, 5,

15 and 6 of mobilization) administration (see, FIG. 53). Mobilized CD34+ HSPCs were
collected from each subject by apheresis on two consecutive days {(e.g., Days 5 and 6)
and unmanipulated back-up grafts were collected on the third day (e.g., Day 7 to
secure the rescue troatment) with a target of 25 x 10° CD34+ HSPCs/kg total,
although smaller vields are acceptable. W needed, a second mobilization and

20 apheresis cycle was performed 22 weeks later,
[6268] The collecied cells of each subject were split into 2 portions, one
portion for modified HSPC drug manufacturing and the other portion set aside in the
gvent a rescue treatment is indicated.
132691 The rescue treatment portion comprises a minimum of 2.5 x 106

25 CD34+ HSPCUs/kp. The rescue treatment portion was eryopreserved unmodified and
stored at the study site for availability in the event of delayed hematopoietic
reconstitution or graft failure with aplasia. If the first apheresis cycle did not mobilize
the migimum mumber of CD34+ HSPCs required for modified HSPC drug
manufacturing and for rescue treatment, the mobilization procedure may be repeated.

30 Selection of the timing of a second apheresis was at the discretion of the Investigator
based on the subject’s clinical status, but was no sooner than 2 weeks (&2 weeks) after

the initial apheresis.
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[8270] After removal and storage of the rescue treatment, the remainder of the
subject’s mobilized and harvested cells were sent by courler to the GMP
manufactoring facility, A CD34+ cell selection followed by transfection with ZFN
mBNAs SB-mRENH1 and SB-mRENH2 to disrupt the erythroid-specific enhancer of
the BCL11A gene was performed to generate the modified HSPC study drug. The
modified HSPC were eryopreserved and stored until all the clinical protocol segments
up to and including the Baseline visit procedures are completed and the subject is
ready for infusion. The modified HSPC were cryopreserved in 50 mL CryoMACS®
freezing bags (fll volume of approximately 10 to 20 mL; total cell count of
approximately 1.0 x 108 to 2.0 x 108 cells) using a conirolled rate freezer. Multiple
freezing bags were used if cell vield exceeds the capacity of a single bag. Infusion
bags were stored in vapor phase liguid nitrogen {at < ~1500C} at the manufacturing
facility until they ready to be shipped to the clinical study center.

18271} After release of the modified HSPC for clinical use, subjects were
admitted to the hospital to begin IV busulfan in 8 dedicated transplant unit. Subjects
recsived a myeloablative regimen of busulfan (3.2 mg/kg/day; IV via ceniral venous
catheter} for 4 days (total dose of 12.8 mg/kg, which is considered standard-of-care
for autologous iransplantation) on Days -6 through -3 before infusion of the modified
HEPC on Day 0. IV busulfan may be dosed once daily (total 6f 4 doses} or every 6
hours {total of 16 doses) according to study center practices or guidelines. After the
first dose, the I'V busulfan dose was adjusted based on pharmacokinetic sampling and
study center practices to target an area under the curve (AUC) of 4,000-5,000
mnoi¥min for daily dosing or an AUC of 1,000-1,250 mmol*min for every 6 howr
dosing for a total regimen target AUC of 16,000-20,000 muol®min. IV busuifan
pharmacokinetic targeting may be modified for subsequent subjecis based on
experience with previous subjects after discussion with the Safety Monttoring
Comunitiee (SMC). Therapeutic drug monitoring to determine clearance of busulfan
after 4 days of dosing was not required bt may be performed at the discretion of the
Investigator in accordance with study center practices {see, FIG. 5),

102723 Meodified HSPC infusion: After myeloablative conditioning with
intravenous busulfan (tolal regimen targeted exposure = 16,000 to 20,000 pmol*min

as confinmed and/or adjusted based on pharmacokinetic sampling}, patients received
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the thawed CD34+ HISPCs (“ST-400) product by central venous catheter infusion
(FIG. 5}, The frozen modified HSPC were thawed and infused, such that the entire
process of thawing and infusion is finished within about 15 minutes. The volume of
frozen modified HSPC was determined by the subject’s weight, Vital signs (blood
pressure, temperature, heart rate, respivatory rate and pulse oximetry} were monitored
prior to infusion and afierwards,

18273} {Umce given the study drug, the subjects were monttored for routine lab
work. In addition, assessment of any adverse events will be done, and blood cells
were assayed for gene modification. HbF levels will also be evaluated, endocrine
function analyzed, and MRIs performed to assess iron load. Kinetics and success of
hematopoietic reconstitution, duration of hospitalization after conditioning, screening
for potential developrent of hematological malignancies, quality-of-tife by Short
Form Health Status Survey {(SF-38 Survey), overall function by Karnofsky
performance score, officiency of apheresis procedure, difference between % indels in
ST-400 product and indels detected in bone marrow and blood following ST-400
nfusion will be evaluated.

162741 An AE is any untoward medical occurrence associated with the use of
a drug 1n humans, whether or not considered drug-related. An AE can include any of
the following events that develop or increase in severity during this study: any sign,
symptom, or physical examination finding that worsens in nature, severity, or
frequency compared to baseline status {Le., prior to screening), whether thought to be
related or unrelated to the condition under study, any clind céiiy significant laboratory
abnormality or laboratory abnormality that requires medication or hospitalization.
Abnormal laboratory results will be graded based on Common Terminology Criteria
for Adverse Events (CTCAE) 5.0 criteria, a Grade 1 or 2 clinical laboratory
abnormality should be reported as an AF ondy if it is considered clinically significant
by the Investigator, a Grade 3 and 4 clinical Iaboratory abnormality that represents an
increase in severity from baseline should be reported as an AR if it is not associated
with a diagnosis already reporied on the CRF, all events associated with the use of
treatment, inchuding those occurring as a result of an overdose, abuse, withdrawal
phenomena, sensitivity, or toxicity to the treatment, concurrent iliness, injury or

gecident,
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[8275] A BAL is any AE that results in any of the following cutcomes: death,
life-threatening threatening event (i.e., an event that places the subject at immediate
risk of death}; however, this does not include an event that, had it occurred in a more
severe form, might have cansed death, inpatient hospitalization or prolongation of
existing hospitalization, persistent or significant incapacity or substantial disruption of
the ability to conduct normal life functions, congenital anomaly/birth defect in the
offspring of an exposed subject, or a medically important event,

18276} Evaluation of secondary and exploratory events: Baseline levels of
HbBF fractions (A and F in g/dL) and percent HbF will be determined based on the last
assessment on or prior to the date of first administration of IV busulfan, HbF levels
and change from baseline will be summarized by study visit.

182771 Baseline frequency and volume of PRBC transfusions are based on the
2- year period prior to Screening. Frequency and volume of transfusion is annualized
by study period and overall, and compared descriptively to the baseline values.

{8278} Monitoring modified HSPC heterogenicity following infusion:
Following infusion, the modified HSPC may be monitored in the patient to determine
engrafiment efficiency and modification heterogenicity as assessed by indel profile.
Subject cell samples may be purified from the peripheral blood, bone marrow aspirate
or other tissue samples {(about 3 x 104 to 1 x 107 cells preferably) and subject to
genomic DNA isolation. The region around the cleavage site is then amplified by
PCR under standard conditions. A second round of PCR is then performed to add
adapters such that the reaction may be analyzed using MiSeqg (Ilumina). The
sequencing data from the subject cells is compared with a standard curve to determine
percent indels.

[8279] The protocol directed that patienis 2 and 3 could not begin
chemotherapy conditioning until the previous patient demonstrated neutrophil and
platelet engrafiment; following successful engrafiment of patient 3, patients 4-6 could
begin chemotherapy conditioning. Patients were monitored for safety and efficacy.
The study encompasses follow-up for 3 vears, after which patients are offered
participation in & long-term safety follow-up study.

10280] Safety and tolerability were assessed by incidence of adverse events

{AEs} and serious AEs (SAEs). Success and kinetics of hematopoietic reconstitution
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were assessed by neutrophil (ANC 2300 celle/ul} and platelet (320,000 cells/uL
unsupported by transfusion) engrafiment. On-target indel patterns were tracked at the
molecular level over time for swrveillance of emerging hematopoietic clones. Patients
were monitored for presence of on-target indels in hematopoietic cells, fetal
hemoglobin levels, and transfusion requirements following ST-400 infusion; post-
transplantation hemoglobin transfusion thresholds were per clinical sites’ standard

practice (Fatients 1 and 2: <€ g/dL; Patient 3: <7 g/dL).

Results
§G281] To date, autologous 8T-400 product has been manufactured for 5 of
the 6 patients, 3 of whom have received ST-400 (Table A}, Safety and efficacy data;
adverse events, fetal hemoglobin production, mndel markings and PRBC transfusion

requirements for these patients will evolve over Hime, potentially for 12 months or

fonger.
Table A: Patient Demographics and Disease Characteristics
- Annualized PREC
. Age at Consent | Events Pre- | Time
Patient {(Years} ‘ Genofype Envollment | Post Infusion
2T 430
. 3 » 27 39 Weeks
2 30 B8* (severe IVS-1-5:
G>0) 8 26 Weeks
B (severe TVS-I-5:
G
3 23 i
B (severe IVS-11-654 15 1 12 Weeks
e I T
4 18 B (o)
8% (oo} 13 Pre-Infusion
5 a5 g
87 {severe IVS-L-110 15 Pre-Infusion
1S . —

{normal B-globin production); PRBC, packed red blood cell transfusion.

[0282] The first patient (Patient 1} treated with 8T-400 in the Phase 1/2 study
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has the most severe form of transfusion-dependent beta thalassemia (B0 80). Over the
two years prior to treatment in the study, this patient received packed red blood cell
(PRBC) transtusions every-other-week, During the 8T-400 infusion, Patient 1
experienced a transient allergic reaction considered related to the crvoprotectant
present in the product. Thereafter, the post-transplant clinical course was routine, and
the patient demonstrated neutrophil and platelet recovery within two and four weeks
of infusion, respectively.

{6283} Patient 1 received a PRBC transfusion two weeks after the modified
HSPC mfusion and did not require further PRBC infusions during the following 6
weeks. At seven weeks post infusion with the modified HSPC, total hemoglobin
levels remained stable at about 9 p/dL and levels of fetal hemoglobin continue to rise
{from approximately 1% of total hernoglobin at time of infusion to 31% {see, FIG. 6A
and FIG. 6B}. Indels (insertions or deletions that are created at the targeted sequence
of IINA) have been detected in circulating white blood cells, indicating successful
editing of the BCL11A gene and disruption of the BCL11A ervthroid specific
enhancer, which is intended fo upregulate endogenous fetal hemoglobin production in
red blood cells.

{3284} Following demonstrated neutrophil and platelet engraftment in patient
I, patients 2 and 3 were also treated as described above. Patients 1, 2 and 3 all have
severe beta thalassemia genotypes: BU/BO, homozygous for the severe 4 IVS-1-5
{G>C) mutation {Patients 1 and 3} or Bl/B+ genotype including the severe IVS-11-654
{C>T}) mutation (Patient 2).

[8285] Patient 1 and Patient 2 experienced prompt hematopoietic
reconstitution. Patient 1 had increasing fetal hemoglobin (HbF) fraction that
confributed to stable total hemoglobin. After being free from PRBC transtfusions for a
total of & weeks, Patient 1 subsequenily required intermittent transfusions. Patient 2
had rising HbF levels observed through 90 days post-infusion. For Patients | and 2,
on-target insertions and deletions (indels) were present in circulating white blood
cells. Patient 3 had just completed 8T-400 manufacturing and HbF levels will be
determined after infusion.

(8286} Patient | experienced a serious adverse event {(SAE) of

hypersensitivity during ST-400 infusion considered to be related to the product by the
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mvestigator. This event was resolved with treatment. No other SAEs related to §T-
400 have been reported. No clonal hematopoiesis has been observed.

#2871 Regular follow up (evaluating hematopoictic reconstitution, fetal
hemoglobin levels, indels in circulating white blood cells, ete) is conducted over time
{e.g., 12 or more mouths) as the modified stem cells repopulate the marrow and drive
hematopoiesis, HbF levels are increased and the need for transfusions reduced or

eliminated in the patients.

Mokbilization and apheresis outcomes
[6288] Peripheral blood CD34+ counts before daily apheresis varied from 23
to 118 cells/yl. Patient I underwent 2 cyeles of mobilization and apheresis due to
low cell dose and CFU potency in the first 8T-400 lot. The back-up graft was
cryopreserved from the first cycle. Patients 2, 3, 4 and 3 each underwent one cycle of
mobilization and apheresis from which their ST-400 lots were manufactured, and

back-up grafls cryopreserved.

Product Characteristics and Hemuatopoietic Reconstifution
{0289] On-target indels in the 87400 product ranged from 23-80% as shown
below in Table B.

Table B: ST-400 Product Characteristics and Hematopoietic Reconstitution

; On-target | Neutrophil Platelet

Cell Dose | CB34+ [ CFU Dose] Indels® WEngrafiment®Engraftment’
Patient] (10%kgy | (%o} {187k} (%o Dayis} Dayis)
3¢ 5.9 91 6.2 23 14 g 25
2 4.5 87 48 1 73 15 22
A 114 90 14.8 54 2 35
S 5.4 86 7.6 80 Pre-Infusion | Pre-Infusion |
s 9.5 | 98 10.5 76 | Pre-Infusion | Pre-Infusion

91



10

15

25

30

WO 2020/205838 PCT/US2020/025919

“Percentage of all ACLIIA ESE alleles with an indel; this is not equivalent to the
percent of all cells with at least one edited 8L 7.4 ESE allele.

"Neutrophil engrafiment defined as ocenrring on the first of 3 consecutive days on
which the patient’s neutrophil count was 2500 cells/ulL.

“Platelet engraftment defined as cccurring on the first of 3 consecutive messurements
spanning a minimum of 3 days (in the absence of platelet transfusion in the preceding
7 days}) on which the patient’s platelet count was 20,000 cells/uL.

“Patients 1 and 2 received G-CSF from day +3 through neutrophil engraftment per
site’s standard operating procedure.

“Patient | nnderwent 2 cycles of apheresis and manufacturing of $T-400; on-target
indel percentage for the lot not shown was 26%. All other patients underwent only
one cycle of apheresis and manufacturing.

fPatient 3 received G-CSF from day +21 through neutrophil engraftment per site’s
standard operating procedure.

10296} As shown, the lowest indel value was seen in Patient 1, for whom
editing efficiency was near 25% in two separately manufactured lots. Using the same
manutacturing process at clinical scale, CD34+ cells from 12 healthy donors were
efficiently edited: median on-target indels, 71%; range, 59% to 83%. ST-400 viable
nucleated cell doses were 4.5-11.4 x 10° celis’kg. Patients demonstrated neutrophil

engraftment in 14-22 days and platelet engraftment in 22-35 days.

Safery
{0291} No emerging clonal hematopoiesis has been observed by on-target
indel patiern momitoring over time by indel profiling in the 3 dosed patients. See,
FIG. 7TA through FIG, 7C.
{82921 Through observations in Patient | at month 9; patient 2 at month 6}
and Patient 3 at day 56, the maximum frequency of a unigue indel at any timepoint
bas been 16%, 16% and 14% of all indels detected, respectively.
162931 Reported sericus adverse events (SAE) are shown in Table C for

treated patients.

W
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Patient Serious Adverse Bvents : Related to ST-400
3 Hypersensitivitya RELATED
- None .
3 Pneum onia NOT RELATED
s Né}gé ......... :
5 | None -

PCT/US2020/025919

*Qecurred during infusion of 8T-404) and rapidly resolved with medical management;
considered related to DMSO cryoproteciant.
*Pneumonia occurred in the time period between the apheresis procedure and the start
of chemotherapy conditioning.

{6294]

As shown, only one SAH attributed to 8T-400 drug product was

reported; this SAE of hypersensitivity occurred during ST-400 infusion, resolved by

the end of infusion, and was considered related to the product cryoprotectant, DMSO.

{285}

(therwise, reported AEs have been consistent with the known

toxicities of mobilization, apheresis and myeloablative busulfan conditioning,

(0296

Changes Following Infusion

As described above, following 8T-400 transplantation, fetal

hemoglobin levels increased compared with baseline in all 3 patients (FIG. 8}, with

Patients 1 and 3 showing greater induction than Patient 2, consistent with the fact that

Patient 2 received ST-400 product with the lowest cell dose and CFU potency.

{6297}

In Patient 1, ndels have persisted in peripheral leukocvies through

month 9, and day 90 unfractionated marrow cells showed 6% indels. After an initial

transfusion-free period of & weeks, this patient has resumed intermittent PRBC

iransfusions, with 3 33% reduction in projected annualized PRBC uoils transfused at

approximately 8 months since engrafiment.

19394}

In Patient 2, indels have persisted in peripheral leukocytes throagh

month 6, and day 90 unfractionated marrow cells showed 32% indels. The patient is

receiving intermittent PRBC transfusions.
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{12991 In Patient 3, indels have persisted in peripheral leukocvies through day
36. Assessment of a marrow aspirate sample at 90 days is not yet available. Following
an initial transfusion-free period of 7 weeks, the patient has received two PRBC

transtusions beginning at 62 days post-infusion.

Summary of Patients ! to 3
{(3300] Treatment of and rosulis for patients 1 to 3 are summarized below. For
each patient, CD34+ cell dose was calculated as follows: CD344+ dose = [total cell
dose] x [CD34+ %]. See, e.g, Table B, showing total cell dose in column 2 and

C¥34+% 1in column 3,

Patient 1

{8361} Patient | has a BO/RO genotype, the most severe form of TDT, and had
27 anmualized packed red blood cell (PRBC) events prior to enrollment into the study.,
The patient underwent a second eyele of mobilization and apheresis due to the low
cell dose and potency achieved in the first cycle. In both ST-400 lots, editing
efficiency was approxtmately 25%, which was lower than the other patients envolled
in the study and 12 trial-run lots manufactured at clinical scale (71% median editing
efficiency}.

{8363] On-target indels in the infused 8T-400 product were 23%, and the
U334+ cell dose was 5.4 x 106 cells/kg, Indels were present in unfractionated
marrow cells at 90 days and have persisted in peripheral leukocytes through Month 9.
Following 8ST-400 infusion, fetal hemoglobin levels increased to approximately 2.7
g/dL at Day 56 and remained elevated compared to baseline at 0.9 g/dL at week 39,
the most recent measurement at the time of the ASH data cot. After an initial
transfusion-free duration of 6 weeks, the patient resumed intermittent PRBC
transfusions, with an overall 33% reduction in annualized PRBC units transfused

since engrafiment,

Patient 2
{6383] Patient 2 is homozygous for the severe i+ IVS-1-5 {(G>C) mutation and

had 18 annualized PRBC evenis prior to enrollment into the study. On-target indels in

a4
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the 8T-400 product were 73%, with a CD34+ cell dose of 3.9 x 10° cella/kg, the
lowest seen across the ST-400 lots manufactured for the 5 envolled patients. Indels
were present in unfractionated marrow cells at 90 days and have persisted in
peripheral leukocytes through Month 6. Following $T-400 infusion, fetal hemoglobin
levels increased as compared with baseline, but have been <1 g/dL through to 26
weeks, the lowsst induction level observed in the three patients treated to date. The

patient is currently recetving intermittent PRBC transfusions.

Patient 3

[8364] Patient 3 has a B/B+ genotype that inclades the severe IVS-I1654
(C>T) mutation and had 15 annualized PRBC events prior to enroliment into the
study. On-target indels in the 8T-400 product were 54%, with a CD34+ cell dose of
10.3 x 10° cells/kg. At the time of the ASH data cut indels have persisted in peripheral
leukocytes through Day 56. Following ST-400 infusion, fetal hemoglobin ievels have
mnereased as compared to baseline and were continuing to rise as of the latest
measurement of 2.8 g/dL. at Day 90. Following an initial transfusion-free period of 7
weeks, the patient has received two PRBC transfusions commencing at 62 days post-

infusion,

[8365] These studies and further studies of additional patients and patients 1-3
demonstrate that treatment of TDT |
therapies such as PRBC is achieved following administration (infusion) of genetically

modified cells (ST-400) as described herein.

{8386] All patents, patent applications and publications mentioned herein are
hereby incorporated by reference in their entirety.

10367} Although disclosure has been provided in some detail by way of
illustration and example for the purposes of clarity of understanding, it will be
apparent {o those skilled in the art that various changes and modifications can be
practiced without departing from the spirit or scope of the disclosure. Accordingly,

the foregoing descriptions and examples should not be construed as limiting.
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CLAIMS

What is claimed is:

1. A genetically modified cell comprising a red bleod cell (RBC) precursor
5 cell comprising SB-mRENH! mRNAs and SB-mRENH2 mRNAs, which mRNAs

encode a ZFN pair; and

a genomic modification made following cleavage by the ZFN pair, wherein
the modification is within an endogenous BCL11A enhancer sequence, such that the
BCL11A gene is inactivated in the cell.

10
2. A composition comprising the genetically modified cells of claim 1 and

cells descended therefrom.

3. An ex vive method of treating a beta-thalassemia (B-thalassemia) in a
15 subject in need thereot, the method comprising:
administering a composition according to claim 2 to the subject such that fetal
hemoglobin (HbF) production in the subject is increased and one or more clinical

symptoms of f-thalassomia are decreased, ameliorated, or eliminated.

20 4. The ex vive method of claim 3, wherein the beta-thalassemia is transfusion-

dependent f-thalassemia.
5. The ex vivo method of claim 3 or ¢laim 4, wherein a change from baseline
of clinical laboratory hemoglobin fractions in grams/dL plasma and/or percent HbF of

25 total hemoglobin {(Hb} is achieved in the subject.

6. The ex vive method of any of claims 3 o §, wherein the hemoglobin factor

is adult hemoglobin (HbA) and/or fetal hemoglobin (HbF).

3¢ 7. The ex vivo method of any of claims 3 {6 6, wherein the subject is B8 or

Bop".
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8. The ex vivo method of any of claims 3 to 7, wherein levels of thalassemia-

related disease biomarkers are altered following treatment.

9. The ex vive method of claim 8, wherein the biomarkers are changes in iron

metabolism; and/or changes in levels of erythropoietin, haptoglobin and/or hepeidin,

10, The ex vive method of any of clatms 3 to 9, wherein the clinical symptoms
associated with fron overload or associated with baseline transfusion therapy are

ameliorated or eliminated.

11. The ex vivo method of claim 10, wherein a decrease in endocrine
dysfonction in the subject is assayed by determining levels and/or activity of thyroid
hormones, IGF-1, morning cortisol, adrenocorticotropic hormone (ACTH), HbALC,

and/or vitamin 1 levels,

12. The ex vive method of anv of claims 3 to 11, wherein the need for RBC
transfusions and infusion platelet transfusion, intravenous immunoglobin (IVIG)

transfusion, plasma transfusion and/or granulocyte transfusion in the subject is{are)

reduced or eliminated.

13, The ex vive method of any of claims 3 to 12, wherein the clinical

sympiorn reduced or eliminated in the subject is liver disease.

14. The ex vive mcthod of any of claims 3 to 13, wherein the clinical

sympioms reduced or eliminated in the subject are cardiac abnormalities,

15, The ex vive method of any of claims 3 to 14, wherein the clinical

symptoms reduced or eliminated in the subject is/are osteoporosis and/or fractures.

15, The ex vive method of any of claims 3 to 15, wherein baseline

erythropoiesis is changed in the subject following administration of the composition.
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17. The ex vive method of claim 16, wherein hyperplasia is reduced or

eliminated in the subject following administration of the composition.

18, The ex vive method of claim 16 or claim 17, wherein the number of

unmature and/or cells with non-typical morphologies is/are reduced in the subject.

19, The ex vive method of any of claims 3 to 18, wherein the number and
percent of F cells in the subject is modified following administration of the

composition.

20. The ex vivo method of any of claims 3 to 19, wherein the genetically

maodified cells are antologous or allogeneic.,

21. The ex vivo method of any of claims 3 to 20, wherein the BCL11A-
genetically modified cells further comprise one or more additional genetical

modifications.

22. The ex vivo method of claim 21, wherein the genetically modified cells
are allogeneic cells and the one or more additional genetic modifications comprise

mactivation of one or more selfsmarkers or antigens.

23. The ex vivo method of any of claims 3 to 22, wherein the genetically

modified cells are hematopoietic stem cells isolated from the subject,

24, The ex vivo method of claim 23, wherein the hematopoietic stem cells are

CD34+ hematopoistic stem or precursor cells (HSC/PC) and the CD34+ HSC/PC are
mobilized in each subject by treatment with one or more doses of G-CS8F and/or one

or more doses of plerixafor prior to isolation.

25. The ex vive method of claim 24, wherein at least 25 x 105 CD34+

HSPCs/kg are mobilized in the subject and the mobilized cells are harvested by one or

more apheresis cycles.

98
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26. The ex vive method of any of claims 3 to 25, further coraprising, prior to
administering the composition comprising the genetically modified cells to the subject
and evaluating the cells of the composition for insertions and/or deletions within

BCL1IA,

27. The ex vivo method of any of claims 3 to 26, further comprising
administering with one or more myeloablative condition agents one or more times to
the subject priov to administration of the composition comprising the genetically

modified cells,

28. The ex vivo method of claim 27, wherein the myeloablative agent
comprises busulian and further wherein:

intravencus {(IV} administration of the busulfan is 4t between 0.5 to S mg/kg
for one or more Himes;

1V administration of the busulfan is 3.2 mg/kg/day,

IV via central venous catheter for 4 days total dose of 12.8 mg/kg prior to
infusion on Days -6 through -3 before infusion of the composition comprising the
genetically modified cells on Day 0; or

IV administration of the busulfan is once daily or every 6 hours,

29. The ex vivo method of any of claims 3 to 28, wherein the dose of
genetically modified cells administered to the subject is between 3 x 10° celle/kg and

20 x 10° cella/kg.

30. The ex vivo method of any of claims 3 {o 29, wherein the genetically
modified cells administered to the subject are formulated with approximately 1.0- 2.0

x 10® cells per bag at a concentration of approximately 1 x 107 cells/mL.

31. The ex vive method of any of claims 3 to 30, wherein the genetically
modified cells are cryopreserved prior to administration and are administered to the

subject within 15 minutes of thawing.
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32. The ex vivo method of any of claims 3 to 31, further comprising
moenitoring the subject’s vital signs prior to, during and/or after administration of the

genetically modified cells.

33. The ex vive method of any of claitus 3 to 32, further comprising assessing
hemoglobin, neutrophil and/or platelet levels in the subject prior 1o administration of
the genetically modified cells to deterrnine baseline levels of hemoglobin in the

subject.

34. The ex vive method of claim 33, wherein hemoglobin, neuirophil and/or
platelet levels in the subject after adminisiration of the genetically modified cells
increase or remain stable as compared 1o baseline levels for weeks or months after

administration.

33, The ex vivo method of any of claimus 3 to 34, wherein the subject receives
one or more packed red blood cell (PRBC Y iransfusions prior to and/or afler

administration of the genetically modified cells.

36. The ex vive method of any of claims 3 {o 35, wherein the need for
additionally therapies such as a bone marrow transplant, blood component and/or iron

chelation therapy PRBC transfusions in the subject are reduced or eliminated.

37. The ex vive method of claim 36, wherein the need for additional therapies
is reduced or eliminated within 1-20 days of administration of the genetically

modified cells.

38. The ex vivo method of any of claims 3 to 37, wherein the subject is
momtored over time post administration to determine the indel profile of cells isolated
from peripheral blood samples, bone marrow aspirates or other tissue sources in
comparison with the indel profile of the infused cells to monitor stability of the graft

in the subject,

100
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39, The ex vivo method of claim 3§, wherein the indel profile of the cells is

monttored prior to adminisiration {o the subject.

(¥ 4]

40, An article of manufacture comprising a package comprising a

composition according to claim 2 formulated in CryoStor® C8-10 eryomedia.
41. The article of manufacture of claim 40, wherein each bag containg

approximately 1.0 - 2.0 x 10® cells per bag at a concentration of approximately 1 x 107

10 cells/mL.
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