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METHODS AND COMPOSITIONS FOR THE TREATMENT OF FABRY
BISEASE

CROSE-REFERENCE TO REBLATED APPLICATIONS

{6801} The presenst applicstion claims the benefit of ULE. Provisional
Application No. 62/788,439, filed January 4, 2019, the disclosure of which is hereby
incorporsted by reference in #ts entivety,

BEQUENCE LISTING

{0003} The instant spplicstion contsins & Seguence Listing which has been
subumitied electronically in ASCIH format and is hereby incorporated by reference in
its emtivety. Said ABCH copy, created on December 3, 2019, is namead
B32501BR40GSL.txt and is 10,636 bytes in size.

TECHNICAL FIELD

[LHHERY] The present disclosure is in the Seld of the prevention sndfor trestment
of Fabry Discsse with gene therapy.

[0004] The a-galactosidase A (GL4) pene encodes the lyvsosomal hydrolase
snzyme, e-galactosidase A {o-Csl A} e-Calactosidese is an envyme that catalyzes
hydeolysis of the terminel e-galactosy! moistics

of oligosapcharides and polysaccherides.

10805 Fabry disease is a X-linked lysosomal slorage disease camed by
rnstations io the GLA pene. Lack of oGl A activity regults in the progressive,
systesnatic scopmulation of its primary substrats, globotrisosylceramide (Gb3) and #e
deacetylated soluble form, globotrisosyisphingosine (Jyso-Gb3). Long term
secumulation of thess substrates lends to rensl discsss, skin disorders, cardiae disease,
cornesl dystrophy (e.g. corneal and lenticular opacities), sndior cersbrovaseular
disense, with reduced 1l expectancy. Depending on the muistion and residual o-Gal
A enzyme level, the disesss presents zs classica! esrly-onsst Fabry dizssse in
childhood/adelescence or a3 an attenuated {adult) form later in Bfe, Classical Fabry
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dissase cccurs when residusl envyme activity 18 <5% {Avends ot a1, 2017} and
typically ooours in males. Barly sympioms may include periodic seroparesthesis,
angiokeratomas, corneal and lenticular opacities, progressive rens! insufficiency,
carding disease, snd corshrovesouler events, The attenuated or adult fovm of Fabry
diseass commonly involves only one orgen system, usually candiac or renal,

[8006] in both classics] and sdult forms, the current standeed of care s
enzyme replacement therspy (ERT) usi;:‘ag recombinant o-Gal A, FABRAZYMER
{agelsidase beta or equivalent), or chaperone therapy, which is availsble ouly for
patients whose mutations are amensble to it Infision of recombinant o-Gal A into the
bloodstream allows transfer io secondary tasues via mannose-S-phosphate receptor-
medisted upteke (cross-correction}, Howsver, the short halflife of the recombinant g-
Cal A vsed in ERT (approximately 1 bowr in plasmas) (Clarke et 1. 2007) necessitates
g Hfetime of infosions, with sssociated dsk of infugion-reluted resctions in a
significant proportion of patients (Clarke et al. 2007}, some of which sre severe, In
addition, & significant percentage of patients eventually generate sntibodies o the
recombinant enryme, which mey impsct the sctivity of the ERT enzyme, which
consequently may not clear ali subsivete from organs such a8 the kidneye (Linthorst o
&l 2004},

{6887} Recombinant a-Cal A products with longer half-lives are being
developed which may be administered less freguently, However, it is anticipated that
these will still requirs long-term administration with assosiated rigk of infusion-
related reactions andfor inactivity because of neutralizing antibodisos, and thet o-Gal A
levels will still Buctuste significantly over time,

[B00E] Thus, there is 2 need for altemative therapies thae address the unmet
nesds in Febry disesse,

SUMMARY
LY DHsclosed herein is 8 method of expressing st least one ¢ galactosidase

A {a-Gal Aj protein io 2 coll. In some embodiments the method comprises
administering an expression construct comprising & mutated WPRE sequence,
optionally & muté mutated WRPE seqguence, and 8 GLA transgene sncoding at lesst
one o-(al & protein to the cell such that the ¢-Gal A protein is expressed in the call,
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018 In some smbodiments, the sxprossion construct comprises 8 wild-type
GLA sequence or g codon optimized GLA sequence.

EEEERY B soms embodiments, the expression construct includes one or more
of the Hllowing: an evhancsr, # promoter, an inlron, a seguense encoding & signal
peplide snd/or 2 polvadenylation signal, whereln the mutated WPRE sequence,
optiopally the mutd mutsted WRPE sequence, and the GLA transgene engoding at
lenst one o-CGal A protein is located between the signal peptids and the sequence

encoding the polyadenyiation signsl.

(8813 In some embodiments, the expression construst comprises the
seguencs of 8EQ 1D No: 8.

[0813) In some embodiments, the cell is in g subjeot with Fabry's dissase.
{80143 I some smbodiments, the cell is in a male subiect.

LR In some embodiments, the expression construct is sdministered in a
pharmsceutically avceptable carrier.

jogis) In somne embodizsents, the pharmacentically scceptable carvier includes

phosphate buffered saline contsining CaCls, Mg Cly, NaCl, sucrose and Kolliphor
{Poloxsmer} P 188,

BeL7] I some embodiments, the expression construet seguence includes the
sequence 85 shown in Table 1 and wherein the expression construet is delivered to the
cell by an AAY viral vector,

[0018] In some embodiments, the AAVY virs! vector serotype is AAVYS.
0019 In some embodiments, the expression construct is administered to the
subiect at g dose of between showt 5.0E+12 and 1.08+14 vector genomes per
kilogrem (ve'ka).

L In some embodinents, the exprossion construct is admindstered to the
tiver of the subject. In other smbodiments, the expression vector is administered to the
subject by inrevenons infusion, In yei other embodiments, only ons dose of the
expresgion construct is administered to 8 subject.

{EIEEY in some embodiments, the subject is sdministored an
impounosuppressant prior to and/or during sdministration of the expression construct,

in some embodiments the Immuncsuppressant comprises prednisons,
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el In some embodiments, sepression of at lesst oue o galactosidase A {o-
Gal 4] profein is susisined for st least 3 months, st least © months, or at least 12
months,

9023 In soroe embodiments, the ¢-Gal A protein expressed fom the

transgens decreases the amouat of glycospingolipids in the subject by between &t least
shout 2-fold to shout 9-fid as comparad to untreated subjects.

[B024] I some embodiments, the o-Gal A protein expressed from the
transgene decrenses the amount of glyeospingolipids in the subject by at least sbouwt
8% compered o unirestad subjects.

1862%] in some embodiments, the o-Gal A protein expressed fom the
transgene decreases the amount of ghycospingolipids n one or more of the sublect’s
plagmma, Hver, heart, kidney, or splesn.

168261 In somne embodinents, the exproswion construct manvfactured in g
HEK293 cell system provides GLA levels in the subject at about 21-fold higher us
comperad o GLA lovels in subjects adurindstered the sxpression construct
mrafactured in g S8 call systom.

060271 In zome embodiments, o-Gal A protein sotivity in a subject is between
sbout 100-fold higher 1o 1,500-fold higher than physiclogica!l normael/wild type.
{8028} In some smbodbiments, the o-Gal A protoin sxpressed from the

{ramsgene is active in kidneys, Hver and heart of the subject.

EELR In some embodimenis, the GLA transgene is maintained extra-
chromosomally snd sot inteprated into a genome of the cell

ion30] In some smbodiments, ong or mors nuckeasss thet clesve an
endogenous alburndn pene in 8 Hver oell in a subjet ave administered such that the
transgene is integrated indo and expressed from the albomin gene.

B031) Genetically modified cells comprising sn exogenous GLA tansgene,
made by the methods deseribed hersdn are prosented. In some smbodiments, the cell is
a stern gell or 2 precursor cell. In some enbodinents, the cell is 8 Hver or muscle osll.
In some embodiments, the GLA transgene is maintained extre-chromosomally and not
integrated into the gonome of the cell, To some embodiments, the GLA trsnspene is
integrated into the genome of the cell,

{8033] A method of proventing, inhibiting or tresting Fabry disesse or one or
more symphoms associated with Pabry disesse, Is also presented. The method may
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inchude administering an expression construct to & subject in nesd thereof, the
gxpression construct comprising s muteted WPRE sequence, optionally 8 mué
nmrotated WRPE sequence, and 8 QLA tronspene encoding at least one a-Gal A
proisin

[0033] I some embodiments, the symptoms comprise one or mors of §h3
levels shove normal or bessline, lyso-Gh3 lovels sbove normal or baseline, renal
dissase, cardiac dissass, acroparesthesia, angiokeratomas, G tract pain, cornes! and
ienticular opscities, or cerglrovascular disease, As described herein, baseline can
mean any starting measurement, L e, & measursment taken before & particular
treatment is administersd. In some embodiments, the subject ismaleand has oGl A
snzyme activity of less than about §%. In some embodiments, the sxpression
sonstruct comprises 8 wild-ype GLA seguencs or a codon optimized GLA sequence.
In some smbodiments, the expression constract further comprises one or more of the
following: an enhancer, 8 promoter, an intron, 2 seguence encoding & signal peptide
andfor & polyadenylation signal, wherein the mutated WPRE sequence, optionally the
myuté mutated WRPE sequence, and the GLA transgene encoding at least one o-Cal A
protein is located between the signal peptide and the seguence encoding the
polyvadenylation signsl. In some smbodiments, the sxprossion construct is
administeved in & pharmacentically acceptable carrier. In some smbodiments, the
pharmecentically acceptable carrier comprizes phosphate buffered saline contsining
Cally, Mg Cly, Nall, sucrose sud Kolliphor (Poloxamer) P 188,

180341 in other smbodiments, the expression construst segquence comprises
the seguence as shown in Teble 1 and wherein the sxpression construct is deliverad to
celis of the subject by sn AAY viral vector, In some embodiments, the AAY vira!
veotor sorotype s AAVE/S.

8038 in some embodiments, the expression construct is sdministered to the
subject af a dose of between about 5.08+12 and 1.0B+14 vector genomes per
kilogram {vg/kg) In some embodiments, the expression constrict is administered o
the Hver of the sublect. Tu some smbodiments, the sxpression vector is sdministersd
o the subject by intravencus infosion. In some ensbodinents, only one dose of the
gxpresgion construot is administered to the subject.

[B036] In some embodiments, subjects are administersd an
immunosuppressant prior to sndfor during administration of the expression construct.
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in some embodiments, the mmunosuppressant includes predudsone. In some
embodiments, expression of the sf lesst one o palsctosidase A (0-Gal A protein is
sustained for ut least 3 months, at least 9 months, or &t least 12 months,

03T in other ernbodiments, the a-Gal A protein exprossed fom the
transgene decressos the amount of glycospingolipids in the subject by between s least
about 3-fold to about $-fold as compared 1o nntreated subjects.

F38] In some embodiments, the o-Gal A protein expressed fom the
transgens decreases the amount of glycospingolipids in the subject by ot least showt
80% compared fo wedreated subects,

039 In some embodiments, the ¢-Gal A protein expressed from the
transgene decresses the smount of glycospingelipids in one or more of the subject’s
plamna, Hver, heart, kidney, or spleen.

fanda] In some exnbodiments, the expression constroot is manufactwed ing
HEE293 cell systemn and whereln the GLA lovels in the subject are 21-fold higher ss
compared to GLA levels in subjects adminiztered the expression comstraet
menufbctured in 8 $9 cell svstem,

(86417 in some embodiments, o-Gal A protein activity in 2 subject is between
about 100-fold higher to 1,500-fold higher than normal/wild type.

pe42] in some embodiments, the o-(Gal A protein expressed from the
fransgens is sctive in kidneys, liver and hesrt of the subject.

8843} In somne embodipents, the GLA transgene is mainisined sxirs-
chromosomally and not integrsted into s genome of the nibject’s cell,

044} I some exnbodiments, the methods include administering one or move
nucieases that olesve an endogenous stbumin gene in g Uver cell in s subject such that
the transgens i integrated Into and expressed Som the slbumin gene.

[B045] Described herein are compositions comprising an expression constract,
the expression coastroct comprising & mutsted WPRE seguence, optionally s muté
mufated WHPE sequence, and a GLA transgene encoding the st least ong o-Gal 4
protein for the treatment of Fabry®s disease,

10046] In some embodiments, the composition inchudes 2 pharmareutioally
scosptable carder. The composition of claim 56, wherein the phanmaceutically
asceptabls correr comprizses CsCly, Mp Ch, Nalll, sucross and Kolliphor
{Poloxsmer) P 188,
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00471 In some smbodiments, the composition includes a wild-type GLA
seguence or 8 codon optindzed GLA sequence.

f048) In some embodiments, the composition includes one or mors of the
following: mn enhancer, 8 prometer, an indron, 2 sequencs encoding & sigeal peptide
and/or 8 polvadenylation signsl, wherein the sowtated WPRE sequence, optionally the
muth mutated WRPE seguence, and the GLA transgene sncoding at least ong o-0al 4
protein is located between the signal peptide and the sequence encoding the
polyadenyiation signel,

49T In some embodiments, the composition includes the seguence as
shown in Table I and wherein the expression construct is delivered to s cell by an
AAY virsl vector. In some smbodiments, the composition includes the AAY viral
verior serotyne, AAVEE,

e ] in some smmbodiments, the composition includes an expression
congtruct that comprises between sbout 5.0F+12 and 1.08+14 vector genomes per
subiect kilogram (ve'ke)

(0081} In some embodiments, the composition includes an expression
construct that comprises the sequence of BEQ ID No: 9.

Ry A method of producing an o-Cal A protein for the reatment of Fabry
diseass, the method comprising expressing the o-Gal A profein in an isclated cell
sccording o the methed of sny one of claims 14, and isolating the o-0al & protein
produced by the cell is alzo presented.

883 A delivery vector is presented comprising 2 mutated WRPE sequence,
optionally 2 muté WPRE sequence and g GLA transgene for use in the methods
described herein,

{0541 In some embodiments, the delivery vector is & virsl vector or ¢ lipid
aanoparticle (LNP). In some embodiments, the virsl vector comprises an AAVES and
wherein the virsl vector delivers the expression construct to af lesst 50%, at least
0%, at least 70%, or ot least 809% of calls.

s Uss of an expression construct, an AAV vector sad/or genetically
modified cell of any of the preceding cladms for the trestment of Febry's disesse s
also presented herein. In some embodiments, the snbancer comprizes SEQ 1D No: 2,
the promolor comprises SEQ ID No: 3, the inbon conprises SEQ ID No: 4, the GLA
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transgene comprises SEQ 1D No: §, the nnisted WPRE seguence comprises SEQ ID
Mo §, and the polyadenyiation signs! comprises SEQ 1D Mo, 7.

L It some embodiments, the composition inchudes the enhanow of 8EQ
103 Ne: 2, the promotor of SEQ I3 No: 3, the intron of SEQ D No: 4, the 314
transgene of SEQ ID No: §, the mutsted WPRE sequence of BEQ ID No: 6, and the
polyvadenylation signal of 8EQ ID Mo, 7.

a7 FIG. 1A shows 3 schematic depicting 2 consiruct encoding 2 GLA
gene, designated variant #4. The verlant ¥4 constroot includes an eohaoos {e.g.,
APOEY, a promoter {e.g, BAAT); an intron ssquence {e.g., HBB-IGG); 2 signal
peptide (e.g., GLA) s GLA coding sequence (2.2, “GLAG™); and 2 polysdenyiation
signal {e.p., BGH).

18858] ¥FEG. 1B shows 8 schemetic deploting a constragt encoding & GLA
gene, designated variant #21, which includes 2 mutated woodchuck hepatitls vivus
postirenscriptional regulatory element (WPRE) {also known as "mut 6" or
“WPREmut® v17), The variant #21 construst sles includes an enhancer {e.g., APOE):
& promoter {e.g., BAAT), an intron sequencs {e.g., HBB-IGGY; o signal peptide (g,
GLAY a GLA coding ssquence (e.g., “GLAS™); and g polyadenyletion sigmal {e.g.,
bOH}.

A FiG. 3 shows a graph indicating the plasma GLA sctivity in individus!
GLA knock-out {GLAKD) mice in the indicated Grouges 2 through 4 treated with
varignt #4 constroot or sontrol animals as shown over 85 days. Group 1 was treated
with forrmistion buffer CFormulation™), Group 2 was treated with construnts st s
dose of 2.08+12 vg/kg, Group 3 was trosted with constructs & & dose 5.0B+12 vg'kg,
and Croup 4 was treated with constructs at s dose 5.08+13 vg/kg.

[0S0 FIz 3 is » graph indicating the plasma GLA sotivity in GLAKC mice
in the indicated Groups 2 through 4 trested with expression constructs {variant #4
expression consiruct) or control antmads over 83 days. Group | was sdministered
formulstion buffer (Formulation'). Group 2 was trested with constructs ol 2 doss of
2.08+12 vg'kg, Group 3 was trested with constructs af & dose of S.0E+12 vafke, and
Oroup 4 was rested with constrocts &t a doss of S.0E+13 vk,
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[p061] FIG. 44 is 5 graph showing o-Cal A sctivity in liver lysates of the
indivated groups of animals trented with variant #4 expression constructs or control
animals. Group 2 was administered 2.08+12 vg'ke, Group 3 was administered
3.08+12 vg'kg, and Group 4 was adminisiered 5.08+13 wphke

R E P FIG. 48 is 8 graph showing o-0Gal A sotivity in kidoey lyeates of the
indicated grouns of animals trested with expression constructs {vasiant #4 expression
comgtruct) or control animels. Group 2 was trested with construcis at s doss of
2.0E+12 vgfkg, Group 3 was treated with construots st a dose of S.0EH12 veks, snd
{iroup 4 was treated with constructs gt 2 dose of 3.0B+13 vp'kg

FO63] FIG. 40 is a graph showing o-Gal & activity in heart lysetes of the
indicaled groups of animals trested with expression constructs {variant #4 expression
construet} or control animals. Group 2 was sdministered 2.08+12 vg/ke, Group 3 was
administered 5.08+12 vg/ky, end Group 4 was sdministered 5.08+13 velkg.

{8864} FEG. 34 i3 a graph showing Lyso-Gb3 subsirate concentrations in
plasma, splesn, Hyver, hoart and kidney in the indicated groups of GLAKO mice
reated with expression constructs (veriant #4 expression construct) or control animals
at day 81 following ireatment. For sach Hesue, bars Jeft to right show Group 1 snimals
which reveived Formulation Buffer, Group 2 which received constructs st & dose of
20B+12 vafkg (10 snimals); Group 3 which received consiructs &t & dose of 5.08+12
vk (8 animals}, snd Group 4 which received constructs at g dose of S.08+13 verks
{20 snimels}. As shown, Lyse-Ub3 substrate concentrations are lower in Groups 2
through 4 a8 comparsd fo the contro! Group | in &l of the tissues teated. Also shown
by & dashed line is lower Hmit of guantification (LLOG)

[865] FIG. BB is o graph showing (363 leveals in plasms, spleen, Hver, heart
and kidney in the indicsted Groups of animals treated with expression constructs
{variant #4) or control animals. For each tissue, bars le® to right show Group 1
soimals which received Formulation Buffer, Group 2 which received constructa gt 8
dose of 208412 vg'kyg (10 snimals); Group 3 which received constructs st s dose of
S5.08+12 vk (9 animals); and Group 4 which received constronts st & dose of
S.08+13 vk (30 animals). As shown, Gb3 substrate concenirations are lower in
Groups 2 through 4 83 compared o the control Group 1 in all of the tissues tested.
Also shown by a dashed ling is lower Hult of quantification (LLOG.
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IR FIG. 64 is o groph showing the percent of Gb3 and Lyso-Gb3
subsirsts remaining in plasms, spleen, Hver, heart and kidney in the indicsted Group
of andmals reated with variant #4 expression construct or control enimals,

IB06T FIG. 68 iz 2 graph showing the percent of 3b3 and Lyso-(3b3
subsirste remeining i plasma, splesn, liver, heart snd kidney in the indicated Group
of animals trested with variant #4 expression construct or contro! snimals,

10068} FIGx. 74 is 8 graph showing in vire 0-0rl A activity in the snperatant
of human HepG2 cells trented with sither the cDNA variant #4 construct or the cDNA
variant #21 construct {ss shown in FIG, 1A and FIG. 1B). Transgene activity was
increased by at least sbout 8-fold in the cells treated with 300,000 AAV vg/oell using
the sxpression construet comprising 2 WPRE sequence {construct variant #21 as
depicted in FIG, 1B) ss compared to activity when constract variant #4 was used as
the expression consiruct. Transgons aotivity was increased by af least about 7-fbld in
the cells treated with 100,000 AAV ve/eell using the expression construct comprising
8 WPRE sequence {variant #21 a3 depicted in FIG. 18} sctivity when construct
varignt #4 was used a3 the expression consfruct.

fonss] FIG. 78 is o graph showing i vitre o-Gal A activity in the supernatant
of fnduced pluripotent hepstooyts cells (iCell hepatooytes™) treated with cither the
DA variant #4 construet or the DNA variant #21 congiruct (a5 shown in FIG. 1A
end FIG. 1B). Transgene activity was increased by at least sbout 4-1bld in the cells
treated with 30,000 AAY vg/oell using the expression construct comprising 2 WPRE
sequence {varisnt #21 as depicted in FIG. 1B) s compered o activity when variant
#4 was vsed as the expression construct. Transgene solivity was incvessed by st least
shout 3-fold in the colls rested with 100,000 AAY vg/esl] using the exprossion
constract comprising 8 WPRE sequence (varlant #21 as depioted in FIG. 18} as
comparsd to activity when variant #4 was used a5 the expression constroct.

Ll FIG. § i3 » groph showing noressed GLA A activity with increase
construct dose in the plasma of wild type mice treated with variant #21 consbructs st s
dose of 2.0E+12 vakp or SE+11 vglkg or variant ¥4 constructs at s dose of 208412
vedkg or SE+11 vk or Formulation Buffer.

{Ba71y Filz. 9 is 2 graph depictiog o-Gel A plasme activity in CS7BL/G mice
over 29 davs after being treated with either vaciant #21 constructs 2t 4 dose of
S.08+13 ve'kg, veriant #21 construchs gt & dose of S.0B+12 vy'ky, varient #4

g
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constructs ot 2 dose of 5.08+13 ve'kp, veriant #4 constrocts at 2 dose of 5.08+12
vg'kg, or Formulation Buffer. As shown, variant #21 constructs can produce over
1,300-fold the physiologically normal plasms o-Gal A activity levels in CSTRL/S
mige.

Ba7el Fifs. 18 are in sl DINA hybridization images siained for 8AY vector
genomes in 8 Hver sample of 8 GLAKD mouse that was irested with variant #4
sonstructs at a dose of S.08+13 veke Non-coding sequences were fnrgeted. In this
samiple, 37.5% of the Bver cells stained positive for AAY vector genomes at 80 days
after trenlment.

8473 FIG. 11 gre in situ DNA hybridization imeges stained for AAY vestor
genomes in a Hver sample of 2 wild type non-human primate (NPH) that was trested
with variant #4 constructs 8t g doso of 6.0B+13 ve'kg, Non-coding sequences wers
targeted. In this sample, 57.5% of the Hver cells stained positive fir 8AYV veclor
genomes st 50 days sfier resiment.

[6674] FIG. 124 is o graph showing the percent of hepatooytes containing
hGLA cDNA in GLAKO mice treated with variam #4 constructs at doses of 2B+12
vg'kg, SE+12 vk, SE+13 vglky, or Formulation buffer a5 8 control.

[Be7S] FIG. 128 is 2 graph showing the percent of hepatocyies containing
BOLA oDNA in cynorolgus NHPs treated with variant #4 copstructs a8 doses of
BE4+12 vglkg, 1B+13 vky, 3E+13 vtky, 6B+13 vy'kg ov Pormulation buffer as
control.

{078} FiG. 130 is & graph showing the percent of Hver calls containing
HGLA cDHNA in individual GLAKC mice tregted with variant #4 constructs st doges
of ZE+12 ve'lkg, SE+12 vlke, SB413 v'ky, or Formudation buffer (“0") as 2 control,
0877 FIG. 12D is 5 graph showing the porcent of hepatocytes containing
hGLA cDNA o individeal cynomolgus NHPs treated with variant #4 constructs st
doses of 68+12 vg'lkg, 18+13 velkg, 35+13 vrkp, S8+13 ve'kg or Formulation
buffer 0 e 8 control.

0878 FEG. 134 and FIG. 138 are graphs showing NHP plesme hGLA
achivity ve protein concentration for individusl animels treated with variant 34
eongtrucis 8t 8 dose of 8.08+12 vg'ky or Formulation Buffer,

i1
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o FHz, 13C and FIG. 130 are graphs showing NHP plasms hGLA
setivity vs protein concentration for individual snimals reated with variant 44
constructs ot doses of 1LOB+13 vglkg or 1.OEH13 vefke,

{oaa; FIG:. 13E sud FIG. 13¥F are graphs showing NHP plasms hGLA
activity vs profein concentation for individusl animals rested with variant #4
conatructs &t doses of 8.0E-+13 vk or 6.0B+13 vk without bnmunonsppressants,
{081 FI0. 14 is a Western blot amalysis of hGLA and corresponding mRNA
levels in NHP lver serples foorn individual snimals ot day 60 after treatment with
variant #4 constructs at doses of 8.08+12 vglkg, 1.0B+13 vwkg, 308413 ve/kg,
&.08+13 vg'kg, 6.0B+13 vy'kg without immunosuppressants, or Formulstion buffer.
43 shown, BLA protein levels increase with construet dose and proteln levels

soprelated with mBNA lovels in most semples,

DETALED DESCRIPTION
{088 Drsclosed hereln sre methods snd compositions for reating or

preventing Fabry disease. The description provides methods end compositions for
introduction of 2 GLA ransgens encoding s proteln that is lacking or insufficiently
sxpressed in the subjoct with Febry diseass such that the gene is expressed in the liver
and the therspeutic {replacement} protein is sapressed. The description slso describes
the alteration of 4 cell {e.g., precursor or maturs RBC, iPSC or liver coll) such thet it
produces bigh levels of the therspeutic and the introduction of g populstion of these
altered cells into 8 patient will supply that needed protein. The transgene can enonde a
desived protein or struchiral RNA that is beneficisl therspeutically in a patient in nead
thereof,

{8083 Gene therspy with adeno-associated viral (AAV) vectors has shown
great promise in both preclinical and olivdesl trisls to efficiently deliver therapeutic
transgenes to the liver, with reports of stable levels of transgens expression out to six
years for hemophilis B (Lheritesn B, Davidoff B, Nuthwani AC. Heemophilis gens
thevapy: Progress and challenges. Blood Rev, 2015 Sep;29(51321.8).

084] Ome gren that is especially promising is the sbility to add & transgene io
g c2ll to couse thet cell to express a product that previously was not being moduced in
that cell or was being produced suboptimslly. Bxamples of uses of this technology
include the insertion of & gene encoding a therapentic protein, insertion of a coding
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sequence euooding 2 protein thet is somehow lacking in the cell or in the individoal
and insertion of & seguence that encodes g structural nucleic acid such ze s
microBMNA,

(0851 Transgenes may be introduced snd meintsined in colls in 8 variety of
ways. Following a “cDNA” spproach, 2 transgene is introduced into & cell such that
the transgens is maintained sxire-clromosomsally rether than via integration into the
chromatin of the cell. The transgene mey be maintained on & ciroular vector (8.5 8
plasmid, or & non-integrating virsl vector such 38 AAY or Lentivirus), whers the
vector can include transcriptional regulatory ssquences such 83 promoters, enhancers,
polyA signal sequences, introns, snd splicing signals (U8, Patent Mo, 10,143,760,
[608s] Transgenes cun be delivered to 2 cell by s vardety of ways, such that
the transgens becomes integrated indo the cell’s own genome and is maintained there.
I recent years, o strategy for transgene integration has been developed that uses
clegvage with site-specific nucleases for targeted Insertion into a chosen genomic
locus {see, e.g., co-owned 1.8, Patent 7,888,121). Nucleases, such as zine finger
nuclesses {ZPNg), transcription actvator-like effector nucleases (TALENS), or
nuclease systems such as the RNA guided CRISPR/Cre system {utilizing an
enginesrsd guide RNAY, are specific for targeted genes and can be vtilized such that
the transgene construct is inserted by either homology directed repair (HDR) or by
end capture during novhomologous end jolning (NHET} driven processes. See, e.g.,
1.8, Patent Nos, 8,877,988, 2.816,074; 5,616,090; §,873,804; 9,597,157, 9,567.573;
2,458,203; 9,447,434; 9,394,545; 9,255,250; 8,222,105, 9.208,404; 5,200,266;
9.045,763; 9,003,973; 9,150,847, 8,056,828; 8,945,868; §,895.264; §,771,985;
8,703,485, 8.586,526; 8,106,233, 5,534,261, 6,599,692; 6,503,717; 6,689,558;
7,067,317, 7,262,054, T R88,121; 7,973,854; 7.914,708; 7,951,928, 8,110,379,
8400861 UK, Patent Publications 20030232410 snd 20050064474, the disclosures
of which are Incorporated by refevence in their entiveties,

[RO8T] Tramsgenes can be integrated into 8 highly expressed safe havbor
focation such gs the albumin gone (sez UK. Patent No. $,394,545). This spproach has
been termed the In Vivo Protein Replscement Platform or IVERP. Following this
approach, the transgens is inzerted into the safe harbor (e.g., Albumin) gene vis

muclosse-mediated targsted insertion where expression of the transgens is deiven by
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the Albumin promoetor. The transgene iz enginesred to comprise a signal sequence to
aid in sseretion/excretion of the protein encoded by the tansgene,

HRORR] “Safs harbor” lool inchude lood such as the AAVE], HPRT, Albumin
and CCRS genss in human cells, and RozadS s murine cells. See, e.g, U5, Patent
Nos, 9,877,988, 9,567,573, 9,447,434; 9,304, 845; 5,222 105; 9,206,404, 0,130,847,
B,895,264; 8,771,085; 8,106,253; 7,888,121, 7.972.854; 7.914,796; 7,851,925;
8,110,379; 8,408,861, and 8,586,526; U 5. Paient Publications 20030232410 and
20060063231, Nuclesse-mediated integration offers the prospect of improved
transgene expression, incressed safety and expressional durability, ss compared o
classic integration approaches thet rely on random integration of the transgene, since
it allows sxgct transgene positioning for a minima! risk of pese silencing or activation
of nearby oncogenes. Nuclease-mediated transgene insertion of genes encoding
therapeutic Fabry proteins is described in U8, Publication Me. 20180117181,

08 While delivery of the transgene io the target cell is one hurdle that
must be overcome to fully enact this technology, another issus that must be conguersd
is ensuring that after the transgene is inseried tuo the coll and is expressed, the gene
product 5o encoded wmust reach the necessary location with the organdsm, snd be made
in sufficient local concentrations to be efficacions. For disesses characierized by the
lack of a protein or by the pressnce of an sherrant non-functions! protein, delivery of
& transgene encoded wild type protein can be extremely helpful.

6690} Lysosomal storage diseases (L8Ds) are 2 grovp of rave metabolic
monogenic discasss chavacterized by the lack of fimetions] individusl Iysosomal
proteins normally involved in the breskdown of waste Hpids, glvooproteins snd
nmcopolysaocharides. These diseases are charscterized by 2 buildup of these
componnds in the cell since it is unable to process them for recycling due to the mis-
functioning of 3 specific enzyme. The most conumon exsmples are Gaucher's
{ghucocerebrosidase deficiency- gene name: GBA), Fabry's (o galaciosidese A
deficiency- GLA), Hunter’s (idwronate-2-sulfatese deficiency-IDE), Hudder's (alpha-L
iduronidese deficlency- IDUA}, Pompe’s (slpha-glucosidase (GAAY) and Niemson-
Pick’s (sphingomyelin phosphodissterase 1 deficiency- SMPD) dissases. When
grouped all together, LEDs have an incidence in the population of sbout 1 in 7000
births. See, alfzo, U.8, Patent MNos, 9,877,988 and 9,956,247 and U8, Publication No
20180060656,
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nae1] For instance, Fabry disesse is ap X-linked disorder of
glycosphingolipid metsbolism consed by a deficiency of the g-galaciosidase A
enzyme (a-GalA}. It is assoviated with the progreesive deposition of
glycospingolipids including globotrisosyiceramide (glso known as GL-3 and Gbh3)
and globotrisogylsphingosine (yso-Gb3), galabiossyiceramide, snd group B
substance. Symptome of the disesse are varied and can includes burning, tingling pain
{acroparesthesia) or episodes of intense pain which ere called *Fabry crises® which
can last from mirmies fo deve. Other symptoms include impaived swesting, low
tolersnce for exercise, reddish-purplish rash called sngickerstoms, eyve sbaormalities,
gastrointestingl problems, heart problems such ag enlarged henrt and hesrt attack,
kidnsy problems that cen lead 0 renad fallure and CNE problems and in gepersl. Life
expectancy for Febry petients is shortened subsisntially.

[6083} Current treatment for Fabry disease can involve enzyme replacement
therapy (BR'T} with two different preparations of humen o-GalA, agalsidase beta or
agaisidase shfs, which requires costly and thme-consuming infusions (fyplcslly
between shout 0.2-1 mg'kg) for the patient every two woeks, Such treatment iz only io
treat the symptoms and is not curative, Accordingly, the patient must be given
repeated dosing of thess proteing for the rest of thelr lives, and polentislly may
develop neutrslizing sutthodics to the injected protein,

a3l Fuyrthermore, adverse reactions are associated with ERT, inchuding
irmune resctions soch ag the development of sntl- e-Gald antibodies in subjects
treated with the o-GalA preperstions. In fact, 50% of males trested with sgalsidase
alfs and 88% of males trested with sgalsidase beta developed o-GalA muibodies.
Importantly, & significant proportion of those antibodies are newirslizing antibodies
and, consegueatly, reduce the therapoutic Impact of the treatment (Meghdard of af
(2015} PLoS One 10220118341, Dol 18,137 Vownal. pone 01 18341}, In addition,
EBRT doss not hall disesse progression i sli patients,

{0094] Thus, the methods and compositions can be vsed to express, foun g
transgene, one or more therapeutically beneficial o-0alA protelns fom & cDNA
construct delivered, for example, by & virsl vector, or inserted into any loous feg.,
highly expressed albumin locus) to replace the eneyme thet is defective and/or lackdng
in Pabry discase. Additionally, the description provides methods and compositions for
trestment {including the allevistion of one or move symptoms) of Fabry deesse by
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insertion of the transgene sequences into highly expressed lool in cells such as lver
cells. Included in the disclosure are methods and compositions for delivery of the oo
GalA encoding transgens via 8 virs! vector to the liver of 2 subjoct in need thersof
where the virns may be infroduced vis injection into the peripheral venus system or
via direct injection Into a liver-directed blood vessel {e.g. portal vein). The methods
and compositions can be used o induce insertion of the transgene into a safe harbor
locus {a.g. albumin} or can be used to canse extrachromosoma! maintenanece of a vival
c¥NA constroot in & Hver cell. In either case, the trensgene s Mghly expressed snd
provides therapsutic benefit to the Fabry patient in need.
EEERY In addition, the transpene can be inbroduced into patient destved cells,
2.g. patient derived induced pluripotent stem cells (IPECs) or other types of stems
cells (embryonic or hematopodetic} for use in sventual implantstion. Partioularly
useful is the insertion of the therapeutic transgens into & hematopoletic stem call fir
implantation inlo & patient in need thereof. As the stem colls differentiale into maturs
cells, they will contein high levels of the therapeutic protein for delivery to the tissues,

remersl
5896} Practics of the methods, ss well a5 preparation and use of the
compositions disclossd hersin employ, unless otherwise Indicated, conventioan!
techniques in molsailar biology, biochemistry, chromatin structure and analysiz,
sompiations! chemistey, coll cultize, recombinant DNA and related Selds s ars
within the skill of the art. These technigues ave fully explained fn the ltorsture. See,
for example, Sembrook ¢f ol MOLECULAR CLONING: A LABORATORY MANUAL,
Second edition, Cold Spring Harbor Leboratory Press, 1989 and Thisd edition, 2001;
Ansubsl ef o, CURRENT PROTOCOLS IN MOLECULAR BIOLOGY, John Wiley & Sons,
Now York, 1987 and periodic updates; the sories METHODS IN ENZYMOLOGY,
Academic Press, San Diego; Wollfe, CHROMATIN STRUCTURE AND PUNCTION, Thind
sdition, Acaderoio Prass, San Diego, 1998 METHODS IN ENZYMOLOGY, Vol. 304,
Chrometin™ (P.M. Wassarman and A, P, Wolffe, eds.}, Acadende Press, San Disge,
1999, and METHODS IN MOLECULAR BIOGLOGY, Vol. 119, “Clromatin Protocnls®
{F.B. Becker, od.} Humans Press, Totows, 15968,

Beflnitions

gaen The terms “nucleic acid,” “polynuclectide” and “oligonmclentide” are used

interchangesbly and refir fo a deoxyribonuclectide or ribonucleotide polymer, in Hnear or
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cirender conformation, and in oither single- or double-stranded form. For the purposes of
the present disclosure, these terms are not o be construsd as Hmitlng with respect to the
length of & polymer. The terms can encompass known analogues of natural nocleotides, as
well as mocleotides that are modified in the base, sugsr andfor phosphate moleties ez,
phesphorothloate backbones). In gonersl, av analogus of a particolar sucleotide has the
same base-pairing specificity; ie, sn analogue of A will base-pair with T,

[G0u8] The terms “polypeptide,” “peptide” and “protein” are used interchangeably
to refer {o a polymer of amine acid residues. The term also applies to amino acid
polymers in which cue or more aming scids sre chemics! anslogues or modified
derivatives of corresponding naturally ccowrring amino asi  ds

R “Binding™ refors to » sequence-specifie, non-covalent interaction

betwoen macromolecules (e.g., betwesn a protein and 8 nucleic scid). Notall

components of & binding foterasction need be sequence-specific ez, contacts with
phosphats residues in a DNA backbone), as long s the interaction a3 3 whols is
sequence-specific. Such intersctions sre generslly characterized by o dissociation
constant (Ka) of 107 M7 or lower, “Affinity” refers to the sirength of binding:

incressed binding affinity being comelated with 2 owse K

LR A “binding domain” is a moeleonle thet iz able to bind non-covalently to
another molecule. A binding molecule can bind to, for exsmople, 2 DNA molernle (a

DN A-binding protein such &s a zinc Saoger protein or TAL-effector dowain proteln ot a
single guide RNA), an RNA molecule (an RNA-bnding protein) andfor 8 protein molecule
{z protein-binding protein}. In the case of a protein-hinding molecule, it can bind to iaelf
{to form bomodimers, homotrimens, efc) andfor it can bind to one or more moleoules of a
different profein or proteins. 4 binding molecule can have more than one type of binding
activity, For exemple, zine finger protefes have DNA-binding, RNA-binding and protein.
binding sctivity. Thus, DNA-binding molecules, inchiding DNA-binding components of
artificial nuclesses snd transcoription factors fnchude bt are not Hmited to, FFPs, TALEs
and sgRNAs.

i8181) A “zine finger DNA binding protein” {or bading domain} is 2 protein, or s
domain within & lavger protein, thet binds DNA in 8 seqguence-specific manmer through one
or more zine Sngers, which are reglons of amine acid segquence within the hinding domain
whose structure is stabilized through coordinstion of a zine fon. The torm zine fingey
IINA binding protain is often abbreviated as zine Snger protein ov ZFP, Artificisl
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nuclesses and iwensoription factors can include a ZFP DNA-binding domain and &
functional domain (nuclesse domain for & ZFN or transeriptional regulatory domain for
ZFP-TF}. The term “zine Suger nuclease” includes one ZFN as well as 8 pair of ZFNs
that dimerize to cleave the target gene.

H182] A “TALE DNA binding domain” or “TALE” is 2 polypeptide comprising
one or more TALE repest domsins/units. The repest domsing ae invelved in Wnding of
the TALE to #is cognate target DNA sequence. A single “repest unit” {also referred o a8 2
“repent”) is typlcally 33-35 amino scids in length end exhibits at least some sequence
homology with other TALE repest sequences within a naturally scourring TALE sootein,
See, e.g., U.E. Patent No. 8,586,326, Artificis] nuclesses and ranscription fctors can
include 8 TALE DNAbinding domain and 8 Amctions] domain (nuclease domain for s
TALEN or tenscriptions] regulstory domain for TALENCTE). The term “TALENY
inchudes one TALEN as well a8 2 pair of TALENs that dimerize to clesve the terget gene.
HEL B3] Zine finger and TALE binding domsing can be “enginesred” to bind 1o

a predetermined nucleotide sequence, for sxample vis enginesving {sltering one or

more aming acids) of the recognition helix region of 8 naturelly ocowrring zine finger

or TALE protein, Therefore, engineersd DNA binding proteins (zine Sngers or

TALEs) are proteins that are non-nsturally ocouwrring, Noo-limiting examples of
wethods for enginesring DNA-binding proteins are design and selection. A designed
DNA binding protein is & protein not coourring in nature whose design/composition
resulis principally from retionsl erlteria. Rational criteria for design include

application of substitution rules and computerized algorithms for processing

information in a database storing informetion of existing ZFP andfor TALE designs

and binding dats. Ses, for sxample, U5, Patent Nos, 8,568,526; 6,140,081;

§,453,242; and 6,534,261 see also WO BE/53058; WO 98/53059, W 98/53080;

WO 02/016536 and WO 03016496,

{81043 A “selected” zinc finger protein or TALE is a protein not fund in

nature whose production results privoarily from an empirical process such ss phage
display, interaction trap or hybrid selection. Ses e.g., Patent Nos.

8,586,526, 3,749,538; US 5,925,823, US 5,007,988, US 6,013,453, US 6,200,75%;

WO BS/19431; WO D8/06166; WO D8/S3087; WO 98/54311; WO 00/27874;

WO B1/60870; WO UL/8BI97, WO 02/098084.
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HEE R “Recombination” refors o a process of exchangs of genetic
informetion between two polynucleotides. For the purposes of this disclosurs,
“homologous recombination (HR)” refers to the specialized formn of such exchange
that takes place, for example, during repair of double-strand bresks in cells vis
homology-divected repair mechenisms. This process requires nucleotide sequence
homology, uses & “donor” molecule to templste repair of & “arpet” moleculs (e, the
one that experienced the double-strand break), and is variously known 85 “non-
crogsover gens conversion” or “short fract gens conversion,” because it leads to the
transfer of genetic informetion from the donor to the target. Withoot wishing to be
bound by any particuder theory, such transfer can involve mizsmstch correction of
heteroduplex DN A that forms hetween the broken terget and the donor, andfor
“synthesis-dependent sirand stmeating,” In which the donor is used to re-syothesize
genetic information that will become part of the target, and/or reluted processes. Such
specialized HR often results in s alteration of the sequence of the target molecule
such thet past or all of the seguence of the donor polyauclestide is incorporated into
the target pobynucieotide.

i in the methods of the disclosure, one or wuore targeted nuclenses a3
described heredn creste a double-shranded break in the target sequence (.., cellular
chromating st & predetermined site, and & “donor” polynudeotide, having homology to
the nuclestide sequence in the region of the bresk, 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 polynuclestide is used o5 8 template for repair of the bresk via
homologous recomsbination, resubling in the introdustion of all or part of the
nuclectide sequence as in the donor info the celhuler chromatin. Thus, & frst sequence
in celbuler chromatin can be sltered and, in certain embodiments, can be convertad
inio & sequence present in 8 donor polynucieotide. Thus, the vse of the tarms
“replace” or “replacement” can be wnderstiood to represent replacement of one
muclectide sequence by another, {2, replacement of 2 sequence in the informational
semse), and does not necessarily requive physicsl or chemdca] replacement of one

polvnucisotide by another,
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{1671 In any of the methods described hereln, additionad pairs of sinc-finges
or TALEN proteins can be used for sdditional double-stranded oleavage of additionsl
farged siten within the cell.

O8] in certain embodiments of methods for targeted recombination and/or
replecement andfor alterstion of 8 sequence in a reglon of interest fo cellular
chromatin, & chromosomal seguence is altered by homologous recombination with an
exogenous “donor” nucleotide sequence. Such homologous revombination is
stimulsted by the presence of & double-stranded break in celluler Gwomatin, if
sequences homologous to the reglon of the break are present.

09 In any of the methods desoribed hevedn, the frst mucleotide sequence
{the “donor seguence™) can conisin sequences that are homologous, but not identical,
0 genomic sequences io the region of interest, thereby stimulating homologous
recombination to fosert @ non-identics] seqguences in the reglon of interest. Thus, in
certain emabodiments, portions of the donor seguence thet are homologons to
seguences in the region of interest exhibit between about 80 10 999 (or any integer
there between) sequence identity to the genomie sequence that is replaced. In other
smbodiments, the homology betwesn the donor and genomic sequence is higher than
0%, for example if only 1 nucleotide differs ag between donor and genomic
sequences of over 100 contiguous base psirs. In certadn cases, 8 non-homelogous
portion of the donor sequency can contaln sequences not present in the region of
interest, such that new seguences are introduced into the region of interest, In these
instances, the non-homologous sequence is generally Hanked by sequences of §¢-
1,000 base pairs {or any integral value thershetween) or any number of base pairs
greater than 1,000, that ave homologous or identical to soguences in the region of
interest. In other embodiments; the donor seguence is son-homologous fo the first
sequence and is inserted Info the genome by non-homologous recombination
wiechanisms,

LR U] Any of the methods deseribed herein can be used for partial or
complete ingctivation of one or more terget sequences in a cell by tarpeted integration
of donor seguence that disrupts sxpression of the gene{s) of interest. Csll Hnes with
pariially or completely inactivated genes are also provided.

HEERE Furthenmors, the methods of targeted integration 88 deseribed hersin

can also be used to fotegrate one or more sxogenous sequences. The exogenous
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nucleic acid seguence can comprise, for sxample, one or more genes or cDNA
melecules, or any type of coding or non-coding sequence, as well 48 one or more
coptrol slements {e.g.. promoters). In sddition, the exogencus nucleic acid sequence
mey produce one or more RNA moleoules {e.g., small haimpin BNAz FhRNAS),
inbdbitory RNAs (RN AR, microRNAs (miRNAs), efe).

313 “Cleavage” refors o the breakage of the covalent backbone of s DNA
molecde, Cleavage can be indtiated by 2 varisty of methods including, but not Hmited to,
enzymatic or chemvos! hydrolysis of a phosphodiester bond, Both single-stranded
clesvage snd double-stranded clesvage are possible, and double-stranded oleavage can

ooour 85 8 rosult of two distinet single-stranded dleavage ovents. DNA cleavags can result

in the production of sither blunt ends or staggered ends. In certain smbodiments, fusion
polvpeptides are used for tergeted double-stranded DHA clegvage,

f8113] A “clenvage half-domain” is 8 polypeptide seguence which, in
sonjunction with 8 second polypeptide (either identica] or different) forms & compler
having clesvage sctivity (preferably double-strand cleavage setivity). The terms “first
and second cleavage half-domatng;” “+ and — clegvage half-domaing” and “right and
left cleavage halfdomains” ave used interchangeably to refer to pairs of clesvage half
domains that dimerize.

0114} An “engineered cleavags half-domuin™ is a dleavage halfdomain that
has bean modified 50 85 fo form obligate beterodimers with another cleavage halfs
domain {s.g., soother engineered cleavage half.domadn). See, 1.5, Patent Nos.
7.888,121; 7.914,79¢6; 8,034,508 and 8,823,618, incorporated horein by reference in
their entiretiss,

18118} The term “sequence” rofers to 2 sucleotide seguence of any length,
which can be DNA or BHA; can be Unesy, cireulsr or branched snd can be either
single-sivanded or double sivanded. The term “donor sequence” refirs 10 2 nuclestide
seguence that is inserted into 5 genome. A donor sequence can be of any length, for
exerople between 2 and 10,000 nucleotides in length {or sy integer value
thevebetwesn or thersabove), preferably betwsen sbout 100 and 1,000 nuclectides in
length {or any integer therebetween), more proferably betwoen about 200 and 560
nucleotides in length,

[6116] A “disease sssociated gene™ is one that is defective in some menmer in

a monogenic dsesse, Non-lmiting examples of monogenic discases inclnde severs
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combined bnmunoedeficiency, cystic fbrosis, hemophilias, lysosomal storage diseases
{e.g. Gaucher's, Hurler's, Hunder's, Fabry’s, Nelmann-Pick, Tay-Sach’s ete.}, sickle
coll enemis, and thalsssemis,

18117} “Chromatin” is the nucleoprotein structure comprising the cellular
genome. Cellular clvomatin comprises nucleio acid, primarily DNA, aod protein,
including histones and non-histone chromosomal proteins. The majority of
sukaryote cellular chromatin exists in the fomm of nuclecsomes, wherein g
ruciensome core comprises approximately 150 base pairs of DNA associated with an
octamer comprising two ench of histones H2A, H2B, HI end He; aod Hrker DNA (of
varigble length depending on the orgenism) extends between mucleosome cores. A
molecnie of stone H1 is geverally sssocisted with the linker DNA, For the peposes
of the present disclosure, the term “chromatin® is mesnt 60 encompass a1 types of
celluler nuclsoproteln, both prokarvotic and evkaryvotic, Celluler chromatin includes
both chromoroms! and episomsl chromatin,

IBEE8] A Vchromosoms,” is 8 chromatin complex comprising il or 3 portion
of the genome of a cell. The genome of s cell is often characterized by its karyoiype,
which is the collection of all the chromosomes thet comprise the genome of the cell,
The genome of 5 cell can comprise one or more chrornosomes,

i1 An “epizeme” is 5 roplicating nuclelc acid, nucleoprotein complex or
ather structire comprising 2 mucleic scid that is not part of the chromosomal
karyotyps of g ooll. Exsmples of episomes include plasmids and certsin viral
PENOANES,

81207 A Mgrget <ite” or “target seguence” is 8 nucleic acid sequence that
defines 2 portion of & nucleie acid to which a binding mwlscule will bind, provided
sufficient conditions for binding exist,

{8131 An “exogencus” moleculs is & molecule that is not normally present in
& ooll bt can be Introduced into & cell by one or more genetic, biochemics! or other
methods. “Nomma! presence in the cell” is determined with respect o the particular
developmental stage snd envirernental conditions of the cell. Thus, for exsnple, a
molecules that is present only during embryonic development of musdls s an
exogonous molecids with respect 1o an adult muscle cell. Bimilarly, 8 moleculs
induced by heat shock is an exogenous molecule with respect 1o 8 son-heat-shocked

cell, An exogenous molecule can comprise, for example, 8 functioning version of a
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malfimctioning endogenous moleouds or 2 malfunctioning version of 3 normally-
fimctioning endogenous moleculs,

123 An exogenons molecule can be, smong other things, 2 smell moleculs,
such as iz genersted by 5 combiustorial chemistry process, or a macromoleculs such
28 & protein, nucleic scid, carbobiydrate, lipid, glycoprotein, Hpoprotein,
polysaccharide, any modified derivative of the shove molecules, or sy complex
comprising one or more of the shove roolecales. Nucleic acids include DNA and
RNA, can be single- or double-stranded; can be Hnear, branched or civocular; and can
be of any length. Nuclelo acids include those capable of forning duplexes, ss well ax
triplex-forming nucleic scids. Bes, for sxample, UL, Patent Nos. 5,176,996 and
5,422,251, Proteins includs, but are not Hmited to, DNA-binding proteins,
transeription fectors, chromatin remodeling faclors, methyigted DNA binding
proteins, pelymersses, methylsses, demethylases, acetylases, deacetviases, kinsses,
phosphatases, integrases, recombinases, lgsses, topolsomerages, gyrases and
helicases.

91231 An exogenous molecule can be the same type of molecude as an
endogenous moleculs, 6.g., an exogenons protein or nucleic scid. For example, an
exogenous nucleio scid cun comprise an infecting viral genome, & plasmid or spisome
imiroduced into g cell, or 8 chromosome thet is not sovmally present in the cell,
Methods for the introduction of sxogenous molecnles into cells are known to those of
siill in the art and include, but are not imited to, Bpid-mediated transfer (L.,
liposomes, including nentral and cationic lipids), slectroporation, direct injection, cell
fusion, perticle bombardment, caloium phosphate co-precipitation, DEAE-dextran-
medisted transfer and virsl vector-medisted ransfer. An sxogenous molecule can also
be the same type of molecule as an endogenous molerule but derived fom s different
species than the cell is devived from. For example, 2 human nucleic scid sequencs
may be introduced into a cell line originelly derived Fom a mouse or hamsier,

124} By contrast, an “endogenous” molecule i3 one thet is normally present
in a particuler ool ot a particeler developmental stage under partionlsr environmental
conditions. For example, an endogenous nucleic aoid can comprise 2 chromosoms,
the gencme of & mitochondrion, chloroplast or other organelle, or 8 naturally
oeoutring episomal nuclede scid. Additional endogenous molecules can include

proteins, for exmople, transcription factors and enzymes.
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#1283 A “fusion” moleculs is 3 moleculs in which two or more suburnit
motooules are lnked, preforsbly covelently, The subunit molscules can be the same
chemical type of molecule or can be different chemical types of molecules. Examples
of the first type of fusion moleculs include, but are not limited to, fusion proteins (for
example, & fosion betwesn 8 ZFP or TALE DNA-binding domain and ooe or more
setivation domaing) and fusion nucleic acids {for example, 2 nuclelc acid encoding the
fusion protein described supra). Examples of the second type of fusion molecule
include, but ace not limited to, 2 fusion between a triplex-forming nucleic acidand &
polypeptide, and a fusion between & minor groove binder and 2 nucleis acid.

#1263 Expression of 2 fusion protein in s call can result from delivery of the
fusion protein o the cell or by delivery of & polynudlestide sncoding the fusion
protein to g cell, whereln the polynuclentide is transcribed, and the transeript is
tramsiated, to generats the fusion protein. Trans-splicing, polypeptide cleavage and
polypeptide Hgation can also be involved in expression of & protein in 5 cell. Methods
for polynuciectide and polypeptide delivery to cells wre presented slsewhers in this
disclosure.

127 A Fgene,” for the purposes of the present disclosurs, includes s DNA
region sncoding a gene product {see inffa), a8 well as all DNA regions which repulate
the production of the gene product, whether or not such regulatory seguences are
adiacent to coding endfor transeribed sequences. Accordingly, & gene inchades, but is
not peoessarily lmited to, promoter seguences, termingtors, tanslational regulatory
sequences such as ribosorse binding sites and internal ribosome entyy sites, enhencers,
silencers, insolators, boundery elements, replication origing, mairix attachment sites
and locus control regions.

fOE2E “Cene expression” refors to the conversion of the Informestion,
contsined in a gene, oo & gone product, A gene product can be the direct
transcriptional product of 5 gene (e.g., mRNA, (RNA, sRNA, antisense RNA,
ribozyme, stractize] RNA or sy other type of RNA) or 2 protein produced by
translation of an mRNA. Gene products slso include RNAs whick sre modified, by
processes such as capping, polysdenylation, methvistion, and editing, and proteins
modified by, for exemple, methylation, acetylation, phosphoryiation, vhiguitnation,
AliP-ribosylation, myristilation, and glycosviation.
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81291 *3LA gons” sncodes for e-gelactosidase, an enzyme that breaks down
glebotrisosyloeramide. Genetic mutation in the GLA gene results in defective
enzyme fimction of g-gelactosidase. The GLA gene is locsted at Xg22.1, which is the
long {q} srm of the X chromosome of position 22,1, The GLA gene may also be
veferred to 8 AGAL HUMAN, Agalsidase slpha, Alphe-D-galactosidase A, slpha-D-
galactovidass galuctobydeolase, Alpha-galactosidase, alpha-Galactosidase A,
seramidetribexosidase, GALA, galactosidase, alpha, or Melibiase,

R “Modulation” of gene sxpression refirs 1o 2 change in the activity of 8
gene. Modulation of expression can fnctude, but is not lmited to, gene sotivetion,
gens optimization and gene repression. Cenome editing (a2, cloavage, alteration,
ingetivation, rendom mutation) can be used to modulate expression. Gene insctivation
refers to any reduction in gene expression a8 comparsd o a cell that does not inchude
& LFF, TALE or CRIBPR/Cas systerm as desoribed hereln. Thus, gene ingetivation
may be pariial or complete.

{83133} A “region of Interest” is any region of cellular chromatin, such as, o
exsmple, 2 gens or & non-coding sequence within or adjacent 10 2 gens, In which it is
desirable to bind an exogenous molecule. Binding can be for the purposes of targeted
DHA cleavage sodfor targeted recombination. A region of interest can be presentins
chromogoms, an episome, an organsliar genome {e.g., mitochondrial, chloroplast), or
an infecting viral genorme, for example. A region of interest can be within the coding
region of & gene, within ranseribed nonecoding regions such a3, for exsmple, leader
sequences, brailer sequences or introns, or within non-transcribed regions, sither
vpstream or downsirssn of the coding region. A region of interest can be a5 smsll ag
& single nuclestide pair or up to 2,000 nuclestide pairs in length, or any integral value
of nucieotide pairs.

3133 “Bukaryotic” colls inchude, but sve not limited to, fungal calls (such as
yeast), plast cells, enimal colls, marmmatan oells and homan cells (.., Hver cells,
muscle cells, RBCs, T-cells, ste.), including stem celle {phuripotent and multipotent).
8133 "Red Blood Cells” (RBUs) or ervihrooyies are terminally differentisted
cells derived from hematopoietic stem cells. They lack a nuclease and most cellular
organsiles. RBCs contain hemoglobin fo carry oxygen from the humgs to e
peripheral tissoss. In fact, 33% of ap individual RBC is hemoglobin. They also carry
COR producsd by cells during metsholism ow of the tissnes and back fo the tongs for
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relonss during exhale. RBCs e produced in the bone marrow in response to blood
hypoxia which s mediated by relssse of erythropoletin (BPO) by the kidoey. EPO
causes an incresss in the mamber of proerythroblasts and ehortens the time required
for Tl RBC matwration. After approsimately 120 days, since the RBC do not contsin
# nuclens or sy other regenerative capabilities, the cills are removed fom cirmulation
by either the phegooytic activities of macrophages in the Nver, spleen and lvmph
nodes (~20%) or by hemolysis in the plasma (~10%). Following macrophage
enguifment, chemics! components of the BRC sre broken down within vacuoles of
{he macrophages due to the setion of lysosomal enzymes. RBCs, in vitvo o in vive,
can be descended from genstically modified stan or RBC precursor cells as described
hersin,

0134} “Secretory tesnes” are those tssues in ao andmal that secrets products
out of the individual cell into 8 hunen of some type which are typically derived from
epitheliom. Examples of secretory tissuss that are localized to the gasirointestinal tract
include the cells that line the gut, the pencress, snd the gallblsdder. Other secrsiory
tissuss include the Hver, Hissuss sssociated with the eve and mucous membranes such
ag salivary glands, mammary glands, the prostate gland, the pituitary gland and other
members of the endocrine system. Additionally, secratory tissues include individual
cells of o Ussue type which are capable of secration.

135 The terras “operative lnkege” and “operstively Hnked” {or “operably
Hrked™) are used intorchangesbly with reference 0 a juxteposition of twe or more
sonponents {such 8 seguence slements), In which the components sre arrsnged such
that both components fametion sormally and allow the possibility that ¢ lssst ome of
the components can mediate 8 function that is sxerted upon af least one of the other
somponents. By way of illustration, & transcriptions! regulatory sequence, such as &
promoter, is operstively linked to 8 coding sequence if the traseripions! vepulatory
sequence sontrols the level of ranscription of the coding seguence in response to the
presence of absence of one or mors transcriptions! regulstory factors. A
transeriptional regulatory sequence is generally operatively linked in ofs with 2 coding
sequence, ut nesd not be direcily adiscent to i, For sxample, sn enhancerie s
srsnsoriptions! regolatory seguencs that Is operatively linked to 8 coding sequence,
even though they sre nol contignous.
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LY With rezpect (o fusion polypeptides, the term “operatively linked” can
refer to the fhot thet ssch of the components performs the same function in Hakags to
the other component as it would If i were not 50 linked. For example, with respsct 1o
a fusion polypeptide in which a ZFP, TALE or Cas DNA-binding domain is fused to
an activation domain, the ZFP or TALE DNA-binding domain and the sctivation
domain ars in operative linkage i) in the fision polypeptide, the ZFP or TALE DNA-
binding domain portion i ghle to bind it target site and/or its binding site, whils the
getivation domein is able to up-repulate gene expression. When  fusion polvpeptide
in which a ZFP or TALE DNA-binding domain is fused to g cleavage domain, the
ZEF or TALE DMNA-binding domain and the clesvage domain are in operative linkage
i, in the fuslon polypeptide, the ZFP or TALE DN A-binding domain portion is able
fo bind its target site sndfor iz hinding site, whils the clesvage domain is abls to
cleave DINA in the vielnily of the target site.

i3 A “functional fregment” of a protein, polypeptide or nuclsicacid is s
protein, polypeptide or nuclelo acid whose sequence is not identicsl o the full-length
protein, polypeptide or nucleic acid, yet retaing the same function as the full-length
protein, polypeptide or sucleic scid. A functiona! fragment can possess more, fower,
or the sams number of residues a8 the corresponding native molesule, and/or can
contain one or more &ning scid or suclectide substitutions, Methods for determining
the function of & nucleic scid (e.g., coding function, sbility 1o hvbridize to another
mucleic acid) are well-known in the wi. Similarly, methods for determining protein
function are well-known. For example, the DNA-binding function of 5 polypeptide
can be defermined, for example, by filtler-binding, electrophoretic mobility-shiff, or
immunoprecipitation assays. DNA cleevage can be assayed by gel electrophoresis,
See Ausubel ef ol supra. The ability of 5 protein to interact with another protein can
be determined, for example, by co-immunoprecipitation, two-bvbeid ssseye or
complementation, both genetic sand bochemiosl, Ses, for example, Fields et gl
{1989 Nuwre 3401 245-246; 118, Patert Mo, 5,585,245 and Internstions} Patert
Publication No, WO 98/44330,

[8138] A “vector™ is capable of transferding gene sequences 1o target cells,
Typically, “vector construct,” “expresgion veotor,” “gene transfer vector,” and
Yexpression construct” memn any macleic acid constrast capable of directing the

expression of 4 gene of interest and which can transfer gene seguences to target cella,
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Thus, the teem includes cloning, snd expression vehicles, an well as integrating
VECOTS.

139 A “reporter gone” or “reporter sequence” refers fo any sequencs that
produces a protein product that is essily messured, preferably although not necessarily
in a routine sssay. Sultable reporter genes includs, but are not Hmited to, sequences
envoding protelns thet mediate sutibiotic resistance {e.z., ampicillin resistancs,
neomycin resistance, G418 resistance, piromycin resistance), sequences encoding
colored or fuorsscent or huminescent proteing {e.g., green fluorescent protein,
enhanced groen Buorescent protein, red Suorsscent proteln, luciferase), and proteing
which mediate enhanoed coll growth andfor gene amplification {e.g., dibvdrofolats
reductass). Epltope tags include, for example, one or more coples of FLAG, His,
mye, Tap, HA or any detectable amine acid sequence. “Expression tags” include
sequences that suoods reporters that may be operably Hoked to 8 desived gene
spuencs in order to monitor expression of the gene of interest.

{0140} The terms “subject” and “patient” sre used interchangesbly and refer o
maals such as humen pationts and non-humen primates, 85 well as experiments!
anirogls such as rebbits, dogs, cats, rats, mice, and other andmels, Accordingly, the
term “subject” or “pebient” a5 used herein means any mammalias petient or subject to
which the slieved cells described herein and/or proteing produced by the sliered cells
described heveln can be administered. Subjects of the present disclosure include those
having sn L3I,

{8141} THsclosed herein are methods snd compositions for treating and/or
preventing Fabry disesse. The disclosure desertbes methods for insertion of 3
transgens sequence info a suilable target cell {e.g., & coll From e sublect with Fabry
discase) wherein the tracsgene sncodes st lesst one protein {e.g., 8 least one -Gald
protein) thet treats the disesse. The methods may be in vive (delivery of the transgene
sequence fo u cell in a Bving subject) or ex vive (delivery of modified cells to a living
sulbiject). The disclorure aleo desoribes methods for the transfection andfor
transduostion of a suitable target cell with an expression systers such thet an o-CalA
spooding transgene cxprosess a pootein that treats {v.g., slleviates one or more of the
sympboms associated with) the disease. The g~-GelA protein may be excreted
{seoreted) from the target cell such thet it is sble to affect or be taken up by olher cells

that do not harbor the ivansgene (cross correction). The disclosure alao provides for
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methods for the production of 2 coll {e.g., 2 mature or undifferentiated coll) that
produces bigh levels of o-GalA where the introduction of & population of thess slterad
cells fnto a pationt will supply that needed proteln to treat 2 discsss or condition. In
addition, provided are methods for the production of a cell {e.2. 2 mature or
undifferentisted cell} that produces s highly active form {therapeutic) of o-Gala
whers the introduction of] or cremtion of, & populstion of these altered cells ina
patient will supply thet needed protoin activity to trest {e.g. reduce or cliningte ons
or rmore symptoms} Fabry's disesse. The highly setive form of o-GalA produced as
described hereln can slso be {rolated Fom cells 8s described herein and administered
o 2 patient in need thereof using standard enzyme replacement procedures known to
the skilled ariisan.

{8147} Digseribed herein are methods snd compositions for expressing at least
one o galsctosidase A (u-Gal A) protedn. The compositions and methods can be for
use in vilre, i vive oF ex vive, snd comprise sdministering 8 GLA tansgene {eg.,
cDINA with wild-type or codon optimized GLA sequences) encoding at least one g-
Cal A protein fo the cell such thet the o-Gal & protein is expressed in the call In
certain embodiments, the coll Is in 2 subject with Fabry’s diseass. In any of the
methods desoribed herein, the transgene can be sdministered to the Hver of the
subject, Optionsily, the methods further comprise administering one or more
nusleases thet cleave an endogenous aibumin gene in a liver cell in 2 subject such that
the transgene is integrated juto and expressed from the albumin gene. Tn any of the
methods described beredn, the o-Gal A protein expressed from the fansgene can
decrease the amount of glycospingolipids tn the subject by at least about 2-fold as
eomparad to untreated subjects or subjects trested with formulation buffer or other
earrier. The GLA transgene mey further comprise additions] dlements, including, for
example, 2 signal pepide and/or one or mors control eloments, In certain
embodiments, the OLA wansgene (g, oDNA constroct) futher includes a wild-type
or engineeved WPRE sequence, for example s muisted WPRE ssquence comprising
the WPRE nuuté mutations described in Zaste-Boussif e al. (2009} Gene Therapy
16:605-619 and U5, Patent No. 13,179,918, In some embodiments, the mué
nmstations are made in the J04514 WPRE slement, while ju other embodiments, they
are made in the J02442.1 WPRE (Ong er ol (2017} dolorg/10.1101/126804) In
certain embodiments, the expression GLA construct comprises 5 construct as shown
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in FIG. IB {variant #21}. The WPRE-contuining expression consirnets as described
herein result in improved transgens expression snd activity as comnpered o expression
consiracts ot indluding the WPRE sequences {e.g., 1-fold, 2-Bld, 3-Hld, 4-fold, 5
Bold, 6-fold, 7-fold, 8-fold, Sfold, 10-Bld or more Hld Incrensed sxpression or
activity). In certain sunbodiments, the expression construct is the one shown in Table
1.

{0143} In one sspest, the disclosure describes s method of sxpressing v
transgens encoding ons or more corrective GLA transgenes in s cell of the subject,
The transgene mey be inserted into the genome of a suitable target call {2.g., blood
cell, Hver osll, brain cell, stem cell, presursor cell, etc.) such that the o-GalA product
encoded by that corrective transgene Is stably integrated into the genome of the cell
{alao referred o a8 8 “TVPRP" spproach) or, shternatively, the ransgene may be
maintained in the cell extra-chromosomally {also referred to as 2 “cDNA” approsch).
In oms smbodiment, the comrective (LA transgens is inroduced (stably or exirs-
chromnosomally} into cells of a coll line for the in vire production of the replacement
profein, which {optionally purified andfor isolated) protein can then be administered
o & gubject for treating a subject with Fabry discase (2.2, by reducing andfor
eliminating one or more symptoms sssociated with Fabry disesss). In cerlain
embodiments, the o-GalA product envoded by that corrective transgens increases a-
GalA sotivity in 5 teme In 8 subject by any amount ss compared o untreated
subjects, for example, abowt 2- to shout 2000-fold more {or any value therchetwaen)
fold, inchuding but not Hmited to 2 to 100 fold {or any value therebetwesn inchuling
10, 20~, 30-, 40, 50, 60, 70, 8O-, 50, 100-fold}, 100~ to $00-fold (or any value
therebetween), 500- o 1000-fold {or any value therebetwesn), or 1000 to 2000-fHid
OF MOTe,

{0144} In another aspect, describad heredn are ex vive or in vive methods of
ireating 8 subject with Fabry disense (e.g., by reducing and/or elimingting one or more
symptoms sssociated with Fabry dissase), the methods comprising inserting an GLA
transgene ino a cell as described hersin (cDNA sadior IVPRP approaches) such that
the protein I8 produced in s subject with Fabry disease. In cerisin smbodiments, the
GLA transgene is part of 8 construct as shows in Table 1. In cortsin smbodiments,
isolated cells comprizing the GLA transgene can be used io treat 2 patient in need
thereof, for example, by administering the cells to o subject with Fabry disease. In
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other embodiments, the corrective GLA tansgene is inserted into 2 target tssue in the
body such that the replacement protein {s produced in vive, In some embodiments, the
corrective transgene is inseried into the genome of cells in the targst tissue, while in
ather preferred embodiments, the corvective transgens is inserted into the calls of the
target tiasue and is meintsined in the colls extra-chromosomally. In sny of the
methods desoribed herein, the expressed o-GalA protein may be exoreted fom the
el 90 aet on or be taken up by secondary targets, including by other cells in other
tisgues {a.g. via exportation info the blood) thet lack the GLA transgens {oross
eorrection). In scrne instances, the primary andfor secondary target tissue is the Hver.
in other instances, the primary sndfor secondary target Hasue s the brain. In other
instances, the primery and/or secondary target is blood {e.g., vasculaturs). In other
instances, the primary and/or secondery target is skeletal muscle,

[B148] In certain anbodiments, the methods and compositions describad
herein are used to decrease the emount of glycospingolipids including
globotriaosylearamide {also known as (L-3 and Gb3) and globoirisosylsphingosine
{tync-0hb3), galabioneylceramide deposited in tissues of & subject suffering Feboy
disease. In certeln esbodiments, the o-GalA product encoded by that corrective
fransgene decresses glycospingolipids in a tissus of o sublect by any amount as
compared to unirested subjects, for example, about 2-fold o showt 100-fold move {or
any velue therebetwesn) fold, incloding but not Hmdted to 2- to 100-fdd {or any value
therebetwesn including 10~ 30-, 30, 40-, 50-, 60-, 70~, 80, 8-, 100-fold}. In cortain
smbodiments, the o-GalA product encoded by that comrective transgene decrenses
glveospingolipids in & Hesue of 3 subject by any amount as compared {o untrested
subieots, for example, at loast sbout 1094, 20%, 30%, 4094, 50%, 60%, T(%, 80%,
90%, or shout 100%.

j144] In any of the methods deseribed hereln, the corrective GLA transgene
comprises the wild type seguence of the functioning GLA pene, while in other
embodiments, the segoence of the corrective GLA transgens is altered in some
manner to give enhanced belogical activity (e g, optimized codons fo inorease
biological activity andfor slterstion of transcriptional and transiationa! regolstory
sequencos o bnprove geoe oxpression). In some smbodiments, the GLA gens s
modifisd to improve expression chersoteristics. Such modificstions can fnclude, bt
ars not Hudted to, insertion of a rasslation start site {e.g. methionine), addition of an
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optimized Kozek sequence, insertion of & signal peptide, and/or codon optimization.
In soms embodiments, the signsl peptide can be chosen from sn albwmin signst
peptide, s FIX signal peptide, an 108 signal peptide andfor an a-CGalA signsl peptide.
4T Iz ceriain aspects, the donors gre cDNA donors. The ¢DNA donors
typically include an enhancer seguence, s promoter sequence, an infron sequencs, a
signal peptide, the GLA coding seguence, a polyedenviation signgl, and, optionally,
wild-type or nntated WPRE sequence. Non-lmiting exemplary ¢DNA donors mre
shown schematically in FIG 14 and FIG. 1B,

{B148; Any promocter, enhancer, inlron, signs! peptide, GLA-coding or polvA
sequence end optional WPRE sequence can be sequence can be wsed in the cDNA
constructs. In some embodiments, the enhencer sudfor promoter sre Hver-specifis, for
example, comprized of 2 human ApoR enhancer and g human al-anti-trypsin (RAAT)
promoter (Miso CH e ol. (2000) Mol Ther. 1(6): 522-532 (200)). In some
smbodiments, the Hver specific promoter conrprizes one or more ApoF enhancer
sequences {e.g. §, 2, 3 and/or 4; see Okuyama of al {1996} Ms Gen Ther 7(50637-
4353, In some smbodiments, the promoter is linked o an Intron. In some embodiments,
the intron is an HBB-IGG chimeric intron comprising the §° donor site from the frst
intron of the humun B-globin gene and the branch and 3° accepior site from the inbron
of an imanwoglobulio gene heevy chain varisble region. In some ambodiments, the
ApoERAAT promoter is specifically and highly active in hepatocyies, the intended
terget tissus, but is lnactive in non-tver cell and tssue types; which reduces or
prevents sxprossion and activity in non-darget Hssues. In certain smbodiments, the
signsl peptide comprises g GLA signal peptide and the polyadenylation signal
comprisss a SPAST or b(IH polvA sequence. The optional WPRE sequence can be
sny wild-type or muteted WPRE sequence. See, e.g., U5, Patent No. 18,178918. In
ceriain embodiments, the WPRE seguence comprises a mutaled WPRE such 85 the
angd WPRE sequence,

{81497 The ¢IIMA expression vectors described hersin can be delivered vig
any suitable vector, including on virgl vectors such ss AAY of any serotype (2.2
BAVE, AAVE or AAYEE),

018 In certain embodinents, the expression sequence (L2, expression
vestor of expression comstruct) comprises the clements and seguence of variant #21,
depicted in FIG. 1B, and a5 shown below in Tabls 1.
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Table 1: Varlant #21 cDNA cloments and complete sequence

LY

?GGCGAQ@&;mezahCLLubﬁCTC&STGAﬁCGASﬂG&GCGCGﬁkﬁhﬂﬁﬁg

GRETERCCAACTUCRTCACTASGAETICUT (SEBQ IR NO: 1}

TIEITEER

e AT A T PR G AG IR T OTETOUTSC OTCTEARBTOC
ACACTERACAAACTTCAGCOTASTORTEICOCTAARATEOGCARACATTS |
CAAGCRGCAAACRECARACARCRTARCCCTOUCTGOOIANTERCCTTONAS |
CTGEEGCCARMMITCAGRRAICTUTOTEGECCOATECOACCTCCRRORTOC |
AﬂTCGﬁCCSCTTGG&ATTTﬁﬁﬁTGGﬁﬁﬁﬁG&GﬂﬁﬁA§GTT@TCCT@GQST§

| SETTTAGOTROTETIAGACES {880 ID MO:3)

hRAT
Promoter

471~ 863

| GRTOTTRCTACCASTRCAACARCCACTRANGRTTOTHCAGTSREAICASR

SEECCARCTARTARTACTUTCOCAGARATTGTUTEACTCACGUNRONCT
CrCCACC T TECACACAGGACEUTRTAETT TCTGACSCOAGUITACRATEACT

T A RS T O A TS ARG U T TACACTECCCASGCARRGBNYTCCS
A R R T AR TSRS COAG TS ACT TAGCLCCTET
T PO AR T A A TR AL PTG T AR AT TCAC TARCRGTDT
O T CCCO T TEERA T AT T T AR TACSER COAGOACAGERS
| COTHTCTCCTCASCTTCRGHCACCACCROTEACTTERRACAST {810

D ORCe3)

HBEB- 198
chimaric
intreon

857~ IR

GTﬁ&GTATCﬁ%ﬁﬁTTA&AAG&C%GGTTTR&SG&ER&C&RTE&A&AQTG&@é
CITETCRAGROARAGRAGRCTCTTACHTTTC TR TRAGECAICTATTEETS |
TIACTEACATCURCTTTECOTTTCTCTOUARCAG (3B TD NG 43 :

1gERT
2341

SO OGO T OIS T IO T CEEASRT OO T EECCOTASGGCA. i
BT TTATETECRATCTEEAT TECCAREAGOASCCGGADTOATECRATCTORNS |
ASRAGCTETTCATEEAGATEECEARAADTIATEHETATCOCRSGRATEGARS
GATECCEGETA TGASTATCTCTETATCHACEATTETTECRTERCTOCNS

| GRGRGARCTCCERGGGACGAL TCCARGIERACCCCURGCECTTTCCACRTS
;| SCATTOERCAGUTCACCAAT TACETECASTCCARGEEITTSARGTTEGER

ATCTANGCAGATETEEECAACARRACETETRORECETPOCCEGRETSSTT
TEEATANTACGATATTEATECEUABACSTITECTERCTESSRTATIERTC

 TPITEARATTTGATERCTOT EACTETOATTOR T TOCARMACCTRECERRT |
| RTACARGCATATSTCACT CECC P TARRACCHACRBETORCTCARTORT |
A ARG AR T GO T C TR AT TAS T T CUARAACCCARTT

ACRCRGAGATTUESCASTATICCRAATCACTCERAGRAANTTTECCARTRTT
GRCGACAGCTEEARAATCCATURAGTCCATTCTCRATTRRACEASUTTICAN ¢
CCRGEAGCECATOETEGACETERCAGRACCUGEAGETTEEAACGATOCSE |
ARG T ORI AR P TREGRAT T TORGECTTASC TR AR I CASCARSTCARLC |
CARRTEECECTETERECCATCATERCAGCTCITCICTTIATETOIARATEA
TETGORECATATCTOAOICCAGGUAAAGACTUTTTTECARGRCARASEALE
TLATCECART CARTCARGACCCAT TREGEARACAGEGRATATCRAASTTOR
CAGGGTERCAATTTICCARGTATECERGAGECCEUTTARCEGRTUTEECSTE
GGUEETCCCEATEATTRAACOOECAGEARATCRGRBERCCTOGOTINTATS
CUATCACAGTGETITOACTEEIRARCOAGTEECOTEIRATOCERCOTRE
TTCATCACCCAST I TRCCCUTCAA A MGAAAGUTRGETTTCTACGASTE
GRCATCCAGACTTAGATCACRCATTARCOUTATEOTACGYTNTTEOTIC
AGCTCOARARCACRATGCAGATOTORTTORARRGACCTEOTETAS  {B8G
I WO 83
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ARTCARCCTCTOGATTACAARATTTETGARRGATTGACTORTATTICOITAS |
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ACGTUOTTCTGUTASETCOCTIOEECCOTCAATCCAGCEGARCCTTOOITS ¢
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;CTﬁﬂCTGAmwucmuuauuwgg&auL CEREACEEGITCRSTERAGUEARTGEA

SORCRCAE (SBQ ID NO:8)

Complets cDNA saquénﬂe:

CTECECECTC
GROGRLCTTT
GAGTECOCAR
GUACARCAGER

SUTCECTOAS
GETLEOCCAE
CTOCRTOROY
GITTCTRGEEC

TEARGUCECC
COTCAGSTERE
ARSEETTOCT
TORCCCTROT

CCATCCTOCA
ARLTTLAGCQ
ACAGCARACA
SETCREABAC
TTEEARTTTC
feanainy:tete el
SRTTOTEOAS
TEFICTEACTC
CTEABCCAGS
CPECalasad
COAGTERACT
TTARTRTTOA
HATRACERRLG
GROCTGGEAD
ACUCARTAGRE
TREAGCALCTR
CARTTEATCC
CATECRALTT

FCRGCTETTT
TROTCATETC
CREARCCOTT
SRCTOTEEEC
SETEERERGE
SETACCORESE
THRGREUAGA
ACFCCREECC
TARCAATERUTY
ARRGCETONE
TASCOCOTST
CURGBCAGCCT
ASGACASEEC
AFTCAGETAR
AOTEEEUTTE
TTEETCTTAS
COCTEATCTE
AGGRATCCCE

(OETCCTCRC
AACQECOTCE
TARTETECART
AECTETTORT
QEORGRETARTG
ARROTCCGAR
TTCRACRECT
TRCGUAEATS
ATACTAEUGEATY
TEAAATTTAA
TACAAGCATA
CRECTECEAA
CAGMIATTICS
GACRGOIGRA
GRAGCGTATC
TOCTOETART
ATEECECTEY
SOBRCATRTC
TOGCAATORA
GETEACRATT
GETLHCERTE
TOGCRETERC

TOTCETTTOY
CECEEACTOO
STEERTTRCC
GURGATEECE
AGTRTOTCTE
SUEACEACTOR
SECCARXRTTRE
TEEECRACRA
ATTERTECEC
TEEOTETTAC
TETCACTOGC
TEECCCCTIT
SUARGTATTES
BATCCATCRA
STEEACETEE
TEGEARTTIC
GEGCTATCAY
TOSCCCCAGE
TCAGERECCA
TCGARGTRTE
ATTRRCCEETD
STCACTEGES

ATCRACCTAEY

BARC R RC IR ol

GTETECTECT
COTARBATES
LETRCCTEDT
COATECCRED
AGCAGREETT
GATOTTECTA
GOECCAGOTA
CTOCRCCTTE

COGRUARAGC
COASCERECE
GFURECCTARRT
COOTTCCHRAL
TOTERAGTCC
SCAMRCATTS
GRCCTTEEAG
TCCRRLATCC

CCREECETES
CECARARAGS
AGECTCAGAG
CQQTCEBRGTTC
ACACTEARCS
CARGCRECAR
OTEEEGCAGA
AUTORROCCT

FTCCTEIRCET
LURGTERAAD
AGTEETACTS
GARUACAGEAT

QUTTLCEETA
SECAGUGTAS
TERETOCTON
LEOoOETIEC
COTETOTOLY
STATCAMGGET
TCGAGRCAGE
TEARCRTOCAS
CRACTTOEAS

ASTECARTES
GUEEEIEACT
GRATARLTEGE
COPCTGEEAT
CARETIITCAGE
TACARGRCRE
GARAEARCTCTT

SETTTAGETR
ASCTACTAAG
TCCCAGREAL
BOTSTEETYT
AAGCTETACA
CAGATOCCAS
STEACCTTEG
CUROTAECTTA
CRUCROCACY
GTITARGEAG
GOETTTOTEA

PIFEEOTTEC
SETATOEATA

ABRCTTCATCT
TEEGACATOS
TROGRTEGER
ACOARGRARCE
GRACTTATEE
TATCRRCGAT
ARGOEERICC
GTECRCTEER
ARCETETECE
AGRSETTTEC
TETERTTCET
CTTERACCEG
ATRTETEECC
ARTCACTEEA
STCCRTTOTS
CAGRALCOEE
GEECTTARCT
GEUASCTCOT
CARRGRCTQY
TREGERRART
GERGAEEICE
AGGRARTOEE
ARRCERLTEE
CRAARGARRG

TEEEPECECT
CTEECECTAR
TRETTECRTT
GEACTCRTER
TRTORGREEE
TETTEEATES
QORSCECTTT
BEEEETTEAR
EEETTOOCEE
TERCTEEEET
THERABRLCT
ATARFTOETY
CPICCABARG
GEAARLNTTTIRC
GRYTEERLGA
ABETTEEAAL
GHARTTRRCA
CTCTTERTGT
TETECAREAT
BOGGATATER
LPPaECEane
AGRQUOTISC
CETACRRTCC

CTEEETTTCY

TCTCOACRGE
AGRCTIGCCRS
CRRECOTTEE
GEUATTOERC
GREAARGATY
ATOTCERAGA
ATCEERAGRAT
CTCCCCABAG
CCRCATRECAR
STTEEERRTC
GETCETITEE
GTCEATITIY
GEUEEATEER
CAATCETATA
COCRATTAROA
CEATATLEAL
GUTTCARCTAR
SRTCOGEEACK
ASTOACOOAL
CEAATRATIT
AKGEASETCA
ACTTLECCRG
TERCETHEEC
TOETATACTA
GEOCTECTTYC
ACGRGTEGAC
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ATCCAERCTT
TOGRARRCAC

BEATORCACA
ARTECAGATE

TOTCERERGR
CTEETATTIOT
TTRATECCTT
CTECSTTETAY
TTETLAGECH
ACTAETTIRGEE

TOTRATOAAC
TARATTATEYY
TETATCATEC

TTRACCOTAC
TOGTTERARG
CTCTEERTTA
QETCCTTITA
TATTECTICC

ARATOCTEET
ACETESCETE
GEATTECCAS

TTTCCOOCTS

CCTATTECCR

SOTECTEEAT
TORGEERART
GATTOTRORC
CERACCTTCC
CPTCECSTIC
GOOTEEIRTC

ACEERCTOEE
CRTCETOITYE
GREACETEOT
TTOCOETEET
GUOCTCAGAD
TOTETECCTY

COCQUEFPECT
TAATARRALG
TOTHEEEEET
ATRECASECA
CEATTAGERS

TICCTTEACO
AGGRARTTIRC
GEEETEREEC
TECTEGEEAT
CECAGGRATD

GEECECTCRC

TEACTOALTE
CEARTECECA

TECTETCTCY
STETECACTS
CACOTEFPRIAS
CEBCEEARDT
CTETTEEECA
TOUTTEECTE
TOTHOTAOST
CTEOTRCORE
GAGTUERATS
CTAGTTGCCR
CRERARSETG
ATCRCATTET
AEEACAGCAR
GUEETEEECT
COTAGTEATS
ABECCECCCE
3 {8RG

TEETACRRYS

TPROTCORAN

ALCTEOTETA
CRRARTTTET
CECTATRTES
CETRTGROTY
TTATCAGCAS
TETTTECTER
CICCTTITCCS
CATCREORCO
CTEREARTTC
LTCECTTETE
SOITTCOSEOT
CTCTRCEGT
TECCTTTGEEE
SCCATUTETT
CCARCTCCCARS
CTERGTARET
GOGEEAREAT
CTATOEACCG
GARTTEECCR
GRUTTTBECCC
ID NG 8}

ATCTAGAGER
GRAAGATTEA
ATROECTACY
TCATTTTOYS
TPETEECC0S
CEHCRACECOC
FEACTTTORS
TEEETTECCT
CETEETETIR
TIGCCACOTE
CTCRATOCAS
TOTTCOREET
CUGCOTCCCE
GTETPEOCCOY
TETCITTICC
JTTATTCTAY
TEOERAGACK
GTOTOEARAY
CTCCCTOTOY
SEECEECCTS

2380
238D
2400
2450
2H00
SBRED
P Yok
2858
27080
¥R
i:bb]
ZBREQ
2500
2960
kil
3050
Q00
4080
&100
K150
4308
4231

8151}
sequencs, can be readily produced st clindcsl scale and has been shown to exhibit
improved GLA sctivity, for example, at least sbout 3-fold, about 4-fold, sbowt S-fold,
about 6-fold, sbout V-fold abowt &-fbld, ehout 9-fold, about 10-fold, about 11-fild,
ghout 12-%ld, abous 13-%old, sbout 14-fold, shout 15-fold, sbout 18 fld, ahowt 17
fold, shout 18-fold, about 19-fold, dbout 20-fold as compared fo exprossion constracts
that do not Include 2 WPRE sequense.

6183
TALEN, TALEN pair and/or CRISPR/Caz gystom) exprossion vector comprising a

The expression constract of Table 1, which comprises s WPRE

In another aspect, described hereln s & nuclesse (e, EFN, EFN pair,

polynuclectide, encoding one or more nucleases as degoribed heretn, opevably Hoked
{0 8 promoter. In one ewbodiment, the expression veotor s 8 virsl vector. In s futher
sspect, described herein is 8 GLA expression vector comprising s polymucisotide
envoding o-Gald as described heretn, operably linked to & promoter, Inone
smbodiment, the expression is g viral vestor.

01831
more nucleases (e.g., EFN, £FN padr, TALEN, TALEN pair sndfor CRISPR/Cas
system} sxpression vectors andfor an o-GalA expression vector as described hersin,

In another aspect, desceibed herein is 8 host cell comprising one or

The host cell may be stably transformed or transiently fransfected or & combination
thereof with one or more suclesss sypression vectors. In some embodiments, the host
ol is g Bver ool
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fo154] In other embodiments, methods ave provided for replacing & genomic
sequencs in any target gone with a thorspeutic GLA transgens as described hereln, for
exampls psing & nuclease {e.g. ZFN, ZFN palr, TALEN, TALEN pair andior
CRISPR/Cas systom} {or one or more veotors encoding said miclease) sy deseribed
hersin and 8 “donor™ sequence or GLA transgene that is inserted into the gene
following targeted cleavage with the nuclesse, The GLA sequence may be present in
the vector carrying the nuclease {or component thereof), present in & separate vector
{e.g.. Ad, AAV or LV vector or mRNA) or, slicenatively, may be introduced into the
cell using s different nucleic acid delivery mechanism. Such insertion of s donor
nucleotide sequence into the terget loous {e.g, highly sxpresssd gene, disease
associated gens, other safe-harbor gene, ofc) resulis in the expression of the GLA
fransgens wader control of the tevget locus’s {e.g., albumin, globin, sie.} endogenous
genetic conirol clements. In some sspects, insertion of the GLA tansgene, for
gxample into 8 target gene {e.g., albuanind, results in sxpression of sn intsct o-Gald
profein sequence and Jecks any smine aclds encoded by the twget (e g, dbumin). In
other sapscts, the expressed exogenous o-GalA protein is & fusion protein and
comprises amine acids encoded by the GLA transgene and by the sndogenous locus
inte which the GLA transgene is insorted {e.g., from the endogenous target locns o,
altermatively from sequences on the transgene that encode seguences of the target
locus). The target may be any gene, S sxample, & safe harbor gone such s an
alibnnin gens, an AAVS] gene, on HPRT gene; a CCRS gone; or & highly-expressed
gene such s 8 globin gene in an RBC precursor cell {e.g.. bots globin or gamnma
globin}. In some instances, the endogenocus sequences will be present on the amino
{N)-terminal portion of the exogenous a-GalA protein, while in others, the
endogenous segquences will be present on the carboxy (C)- terminal portion of the
exogenous a-Gald protein. In other Instences, endogenous sequences will be present
on both the N- and Coterminad portions of the o-GalA exogenous protein, In some
simboditnents, the endogenons sequences sncods & seoretion signal peptide thet is
resnoved during the procsss of seorstion of the e~-CalA protein fom the cell. The
endogencus sequenses may include fill-length wild-type or mutant endogenous
seguencss or, alternatively, may include partial endogenous sming scid ssguences. In
some embodiments, the endogencus gene-transgene fuslon is located at the

endogencus locus within the cell while in other embodiments, the endogenous
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sequence-iransgens coding sequence is inserted into another lovus within & genome
{z.g. & GLA-transgene sequence inserted into an albumin, HPRT or CCRS locus). In
some smbodiments, the (LA ransgene is expressed such that s therapeutic o-Gala
protein product is retained within the ool {e.g., procursor or mature cell). In other
embodirgents, the GLA transgene i3 fused to the extrscslinlar domain of 2 membrane
protein such that upon expression, & ransgene o-CalA fuston will result in the surfacs
localization of the therapeutic protein.  In some aspects, the edited cells further
compriss a trans-membrane proteln to teaffio the cells o & partioular tissue type. In
one sspect, the rans-membrane protein comprises an antibody, while in others, the
frang-membrane protein comprises & receptor. In cextain embodimentds, thecell iz s
precursor {g.g., CD34+ or hematopoletio stem cell) or mature BBC (descended from s
gemetically modified GAL-producing cell ss desoribed herein), In some aspects, the
therapeutis o-{alA protein product encoeded on the transgene is exported out of the
cell to affect or be taken up by cells lacking the ransgene. In certain embodiments,
the cell is g Hver coll which relesses the therapentic o-GslA protein into the blood
stream 10 act on distal tesuss {e.g., kidoey, spleen, heart, brain, skin, eto).

155 In one embodiment, the GLA trensgene is expressed from the slbumin
promoier following insertion into the slbumin locus. The bislogie encoded by the
GLA transgene then may be relessed into the blood stresm if the transgene is nserted
inio & hepstocyts in vive. In some sspeots, the GLA transgene s delivered 1o the lver
in vive in & virsl vector through intrevenous sdministration. In some embodiments, the
donor GLA transgens comprises a Kozl consengus sequence prior 1o the o-Gala
coding ssquence (Kozak (19873 Murd Acid Res 15(20%:8125-48), such thet the
eapressed product lacks the albumin sigosl peptide. In some snbodiments, the donor
a-Gald fransgens containg an aliernste signal peptide, such as that from the Albumin,
108 or F9 genes, in place of the native GLA signsl sequence.

[8186] In a still frther aspect, provided herein is a method for site specific
integration of a ouclelc acid sequence into gn endogenous oo (e.g., discass
associated, highly expressed such a9 an albumin loous in a lver cell or globin locus in
REBC progrsor vells of a chromosome, for exsmple into the dvomosome of 3 non-
bumen embryo. In ceriain embodimnents, the method comprises: (8} injecting 2 non-
burnan ambryo with (1) of least one DINA vector, wherein the DNA vesior comprises
&l Upstrean sequence and 2 dowostresm sequence Hanking the o-GalA sncoding
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nucleic acid sequence fo be integrated, and (H) &t least one polynucieotide molecule
encoding at least one nuclesse (zine finger, ZFN pair, TALE nuclease, TALEN pair or
CRISPR/Cas systemn) that recognizes the site of integration in the target locus, and (B)
cuituring the embrye to sllow expression of the nuclesse (ZFN, TALEN, and/or
CRISPR/Cas systom, wherein a doubls stranded break introduced into the site of
intagration by the nuclesse is repaired, via homologous recombination with the DNA
vector, 8¢ a8 to intograte the nuclelo acid sequence into the chromosorme,  In some
embodiments, the polynucleotide encoding the nuclesss is an RNA,

Muclesses
{81871 Any nuclesse may be used in the practice of aspects of the methods
described herein including but not Hmited to, at least one ZFNs, TALENs, homing
sudonncieases, and systems comprising CRISPR/Cas snd/or Tiago guide BiNAs, that
are uashid for i vive clesvags of 3 donor moleonle carrving & tansgene and nuclenses
for clesvags of the genome of 8 cell such thet the transgene is integrated into the
genome in & forgeted manmer. Thus, described herein are compositions compeising
one or more nuclesses thet cleave a selecied pene, which cleavage resulis in genomic
modification of the gene (e.g., insertions and/or deletions into the clesved gens). In
cerigin embodiments, one or more of the nuclesses are naturally cccumring. In other
embodiments, one or mors of the nuclesses sre non-nsturally oocurring, fe.,
enginssred in the DNA-binding molscule {glso referred to a8 8 DNA-binding domsin}
andfor cleavage dowain, For exampls, the DN A-binding domain of & natarally
oocuring ouclssse may be altered to bind to a selected target gite (e.g., & ZFP, TALE
and/or sgRNA of CRISPR/Cas that is engincered to bind to & selacted target site). In
other embodiments, the nuclease comprises heterologous DNA-binding and cleavage
domaing {e.g., zinc finger nucleases; TAL-effector domain DNA binding proteins;
meganuciesse DNA-binding domains with heterclogous clesvage domsing). In other
emnbodiments, the nucleass comprises a system such s the CRISPR/Cas of Tlago
system,

BN A-binding domains
IG158] In certain embodiments, the composition snd methods desoribed herein
emnploy & meganuclesse (homing endonuclesse) DNA-binding domain for binding to
the donor moleculs and/or binding o the region of interest In the genome of the sl

Natarally-cocuring meganuciosses recognize 15-40 base-pair cleavage sites and are
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commonty grouped into four fumiliss: the LAGLIDADG family ("LAGLIDADG®
disclosed g8 SEQ ID NO:10), the GIY-YI0 fomily, the His-Cyst box family and the
HNH fanily. Exemplory homing endoouclesses include I-Sedl, I-Ceul, PI-Pypl, PI-
See, FSeelV, BComl, I-Panl, =801, 1-Fool, 1-Seelll, I-Crel, 1-Tevl, 1-Tevil and §-
Fovlil, Thelr recognition sequences wre koown, See also 1.8, Patent No. 5,420,082;
ULE. Patent No. 6,833,252, Belfont of af {1997} Nucleic AcidsRes 25:3379-3388;
Drajon e al (1989} Gene 82:115-118; Perler of of. {1994) Nucleic Acids Res, 22,
11251127, Josin (1996} Tremdy Gener 13:224-228; Gimble of o, (1998) 7. Mol Biol
253163180 Argast & ol {1998} J Mol Biol 380:345-353 aud the New Bogland
Biolabs catalogue. In sddition, the DNA-binding specificlty of homing endonuclesses
and megannclesses can be enginesred to bind non-natural target sttes. See, for
sxample, Chevalier ef o, (2002) Molee, Cell 10:895.905; Bpinat of ol (2003) Nucleic
Acids Res, 31:2952-2962; Ashworth ¢f al. (2008) Nature 4413656-655; Paques ef af
{2007} Current Gene Therapy7:49-66; ULS. Patent Mo, 8,021,867, The DNA-binding
domaing of the homing endenuclonses and meganucioases may be slterad in the
context of the nuclease as s whole (e, such that the nuclease includes the cognate
clesvage domain) or may be fused to 2 hetervlogous clesvage domain,

[6159 In other embodiments, the DN A-binding domain of one or e of the
mucleases used in the methods and compositions described hereln comprisss a
naturally coourring or soginesred (non-naturally ocourding) TAL effector DNA
binding domain. See eg., UK, Patent Mo. 8,586,526, incorporated by reference in is
entirety herein. The plent pathogenic basteria of the genus Yanthomonas are known
to cause many diseasss in Important crop plants, Pathogenicity of Xanthemonas
depends on & conserved type I secvetion (T38) system which injects more than 28
different effector proteins into the plant cell, Among these injected proteins are
transcription activator-like (TAL) effectors which mimic plant transcriptional
activators and menipulate the plant tanscriptome (see Kay ef of (3007} Science
318:648-631). These proteins sontain 8 DNA binding dorain and & transcriptions]
activation domain, One of the most well characterized TAL-effariors is AvrBe3 fom
Kanshomonas campestgris pv. Vesicatoria {see Bonas #f of (1985 Mol Gen Gener
218 127-136 and WORI0072430). TAL-effectors contain g contralized domain of
tandem repeats, each repest containing approximately 34 aminoe acids, which are key
to the DINA binding specificity of theee proteins. In sddition, they contsin & nuclesr
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localization sequence snd an scidic renscriptions! sctivetion domain (for a review see
Schornack 8, of ol (2006} J Plow Physiol 163(3): 256-272). In addition, in the
phytopathogenic bacteria Ralsionia solanacearum two genes, designated brgl 1 and
bpxl7 heve been found that are homologous o the AviBed funily of Yeuhomonas in
the B, solanacearumbiovar 1 strain GMII000 and in the blovar 4 straln REI000 {See
Heuer e of (2007 dppl and Envir Micro T3(13): 4378-4384). These genes are 38.9%
identical in muclestide sequence to sach other but differ by 8 deletion of 1,573 bp in
the repeat domain of hpx17. However, both gene products heve less than 40%
seuencs identity with AvrBe? family proteins of Xowwhomonas. See, 2., 1.8
Patent Mo, 8,386,526, incorporsted by reference in ity entirsty harein,

[o168] Specificity of these TAL effectors depends on the sequences found in
the tandem repests. The repeated sequencs comprises approzimetely 102 bp and the
repests are typically 91-100% homologous with each other (Bones ef of, thid).
Polymorphism of the repests is vsually located ot positions 12 and 13 and there
appears to be & ons-to-one corvespondence between the identity of the hypervariable
diresidues (RY D) at positions 12 and 13 with the identity of the contiguone
maclentides in the TAL-effector’s target sequence (see Moscou and Bogdsnove,
{2009} Science 326:1501 and Boch of of (2009 Science 326:1508-1512).
Experimentaily, the naturs] code for DNA recognition of these TAL-effectors has
been determined such that sn HD sequonce af positions 12 and 13 leads to a binding
o oytosine {C), NGO binds o T, Niw A, C, Gor T, NN binds to &4 or 3, and ING
binds to T, These DNA binding repeats have boen assembled into proteins with new
combinations and mumbers of repests, to make arfificial transeription factors that are
ahie to interact with new sequences and sotivate the expression of & non-endogencus
reporier gene in plant colls (Boch ef ¢, i4id). Fngineered TAL proteing have beon
linked fo 2 Fodd cleavage half domain io visld 5 TAL effector domain nuclease fusion
{TALEN) exhibiting sclivity In 2 vesst reporter assay (plasmid based targst). See,
e.g., LUK, Patent No, 8,586,526; Christian & af ({2010} Genetics epub
10.1534/genetics. 1101207173,

IR In cortain embodiments, the DNA binding dowain of one or more of
the nucleases used for in vive cleavage snd/or targsted dleavage of the genome of 8
sell comprises v zine fnger protein. Preferebly, the zine finger protein is non-
naturaily ocouredng in that # is ongineersd to bind to 5 target site of cholce. See, for
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axample, See, for example, Beerll of of (3002) Natwre Biotechne! 28:135-141: Fabo
ef g, (2001} dnn. Rev. Biochem T0:313-340; Isslan 2 al (3001) Natwre

Biotechnol 19:1656-660; Segel ef al. (3001} Cwrr. Opin. Biotechnol 12:632-637, Choo
ef gl (2000% Curr. Opin, Struce, Biol 18:411-418; U8, Palent Nos. 6,453,242:
6,334,261, 6,390,60%; 6,503,717, 6,689,538, 7,030,215; 6,794,136, 7067317,
T262,054; 7,070,934; 7,361,635; T283,273; 7,088,121, 7,972,854, and U5, Patent
Publication Mo, ; 20050267061, all incorporated herein by reference in thelr entiveties.
{0163] An engineered zine finger bioding domeadn cun have & novel binding
specificity, compared 10 & naturally-ocomring zine fnger protein. Enginesring
methods includes, bt are not lmited o, rations] desigs and various types of selection.
Rational design includes, for exsmple, using datebesss comprising triplet {or
quadruplet) nucleotide sequences and individual zine finger amdng acid sequences, in
which each triplet or guedroplet nuclectide sequence is ssseciated with one or move
amino aoid ssquences of zinc fingers which bind the pwrticdsr triplet or quadruplet
sequence. See, for example, co-owned U5, Patents 6,453,247 and 6,534,261,
incorporated by reference hereln in their entiretios,

6183 Exemplary selection methods, including phage display and two-hybrid
gystems, ars disclosed in US Patenie 5,789,538; 5,925,523, 6,007,988; 6,013,453,
6,410,248, 6,140,486; §,200,759; and 6,242,568; s well a3 WO BR/37188;

WO S8/530587; WO O/27878; and WO 01/88197. In addition, enhancement of
binding specificity for zine finger binding domasing has been described, for example,
in co-owned WO 2/077227.

1641 In addition, as disclosed in these and other refrences, vine finger
domsing and/or multd-fingered zinc fnger proteing may be lnked together vsing any
suitable Hnker sequences, Including for example, linkers of § or more mmine acids in
length. See, also, UL, Patent Nos. §,772,453; 6,470,626, 6,903,185, and 7,153,549
for exemplery linker seguences-. The proteins described herein may include any
combination of svitable linkers between the individual zine fingers of the protein,
{B165] Selection of {arget sttes; ZFPs and methods for desipn and consbruction
of fusion proteins {and polynucleotides encoding same) are kuows to those of skill in
the art end described in detail in US, Patent Mos. §,140,081; 5,789,538, 4,483,242,
6,334,261, 5,925,523, 6,007 98%; 6,013,453; 6,200,759, WO 058/10431;

WO 96/08166; WO 98/33057, WO 58/5431 1; WO O0/I7878; WO O1/6087¢;
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WO BL/ERIDY, WO QL/000084; WO 98/53058, WO 98/33059; WO 08/53050:

WO 02/016536 and WO 03/016496,

66} In addition, s disclosed in these and other reforences, zine fnger
domains and/or mult-Bngered wine finger proteins may be linked together using any
suitable nker seguences, inchuding for example, linkers of 5 or mors amino scide in
length, Ses, alao, U.S, Patont Nos, §,479,626; 6,903,185; and 7,153,549 for
exemplary Hoker sequences 8 or more amine acids in length, The proteins described
hersin may include suy combination of suitable lnkers betwesn the individos! zine
Bngers of the protein,

gy In certain embodiments, the DNA-binding domsin is part of 8
CRISPR/Ces naclease system, including, for example & singls guide RNA (sgRNA)
See, e.g. U.S. Patent No. 8,697,359 and 5,873,894, The CRISPR (clusterad regularly
interspaced short palindromic repexts) locus, which encodes RNA components of the
systemn, and the Ces (CRISPR-associsted) Jocus, which encodes proteins (Jarsen o2
al., 2002, Mol Microbiod, 43 1565-1573%; Makarova of al., 2003, Nucleic dcids Res.
30 482-496; Mekarova ef al,, 2006, Biol Direm 1: 7; Halt of ol,, 2003, PLoS Comput,
Biol. 1 o60) make up the gene soquences of the CRISPR/Cas nuclense sygtem.
CRIEPR loct in microbisl hosts contain s combingtion of CRISPR-zesociated (Cag)
genes a8 well 83 non-ooding RMA elements capable of programming the specificity of
the CRISPR-medisted nucleic acid clesvage.

[168] The Type II CRISPR is one of the most well characterized systems snd
carries out targeted DNA double-strand break In four sequential steps. Pirst, twe non-
coding BHA, the pre-ccRNA array snd tracrRNA, are transeribed from the CRISPR
locus, Becond, raorBNA hybridizes to the repeat regions of the pre-ceRNA and

mediates the processing of pre-crRNA into meture BN As containing individusl
spacer sequences. Third, the meture orBNAstraorBNA complex divects Cas o the
target DNA via Watson-Urick base-pairing between the spscer on the orRNA and the
protospacer on the target DNA next to the protospacsr sdjncent motif (PAM), an
additionsl requirement for target recognition. Finally, Cas? mediates cleavage of
target DNA to create & double-stranded break within the protospscer. Activity of the
CRIBPR/Cas system comprises of thres steps: {1} insertion of slien DNA sequences
into the CRISPR array to prevent future attacks, in 8 process called *adaptation’, i)

expression of the relevant proteing, a3 well as expression and processing of the amay,
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followed by (i} RNA-medisted iInterforence with the glien nuclelc asid, Thus, in the
bacterial cell, several of the so-called *Cae’ proteing are involved with the naturs]
function of the CRISPR/Cas system and serve roles in functions such a8 insertion of
the slien DNA ein.

Bi69] i cerigin embodiments, Cas protein may be & “functional derivative”
of a natwrally ccomrring Cas protein. A “functions! derivative” of & native sequence
polypeptide Is 8 compound having 2 qualitative Bological property In common with a
native sequence polyvpeptide. “Functionsl derivatives” include, but are not Hmited 1o,
fragments of 2 netive sequence and derlvatives of a netive sequence polypeptide and
its fragments, provided thet they have s bologicsl sctivity in common with a
corresponding nstive sequence polypeptide. A biological sotivity conternplated herein
iz the ability of the functional devivative to hydrolyze 5 DNA substrate into fagroents.
The tenm “derivative” encompasses both amine acid sequence variants of polypeptide,
covalent modifications, and fusions thereof, Suitable derivatives of a Cas polypeptide
or & fragrment thereof include bt are not Bmited to mutants, fusions, covalent
modifications of Cas protein or a fragment thereof. Cas protein, which inchudes Cas
protein or & fagment thereof, as well ag devivatives of Cas protein or 5 Bagment
thersof, may be obtalasble from a cell or synthesized chermically or by 2 comblnation
of thess two procedures. The cell may be 2 cell thet natarally produces Cas protein, or
& oell that netwrally produces Cas profein and is ponetically engineered to produce the
endogenous Cas proteln at a higher expression Jevel or o produce 8 Cas protein fom
an exogencusly introduced nuclelo aoid, which nucleic acid encodes s Cas that is
same or different from the endogenous Cas. In some cases, the cell does not naturglly
producs Cas protein aad is genstically enginesred to produce & Cas protein,
Additions! non-limiting examples of BNA pudded nuclenses thet may be used in
sddition to andfor instesd of Cas proteing include Class 2 CRISPR proteins such as
Cofl, See, ep., Zetache et al. 20153 Celf 1851414,

iy The CRISPR-Cpfl systewm, identified in Francisells spp, s aclass 2
CRISPR-Cas system that mediales robust DNA interference in huras oolls, Although
functionally conserved, Cpfl and Cas® differ in many aspects including in thely guide
RMAs and substrate specificity {ses Pagerlund of al, (2015) Genom Bip 16:3511 A
major difference between Cas® and Cpfl protedns is thet Cpll doss not utilize
tractRMA, and thus requires only 8 orRNA. The PoUpfl orRNAS are 4344
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nuclootides Ioug {1 S-nuclentide repent and 23-25-nucleotide spacer) and contain g
single stem-loop, which tolerstes sequence changes that retsin secondary shucture. In
addition, the Cpfl oRNAs sre significently shorter than the ~1 i0-nmuclentide
engingered sgRNAs required by Cas, and the PAM reguirements for FoCpfl are 5
TIN-3" and 5-CTA-3 on the displuced strand. Although both Cas® and Cpfl meke
double strand breaks in the tarpet DNA, Cas® uses iis RuvC- and HNH-lke domains
to make blunt-ended cuts within the seed sequence of the guide BRNA, wheress Cpfl
nses a RuvC-like domain fo produce steggered ouls outside of the ssed, Because Cpfl
makes staggered culs away fow the oritics] seed region, NHET will not disrupt the
target site, therefore ensuring that Cpfl can continue to out the seme site until the
desired HDR recombinetion svent has taken place. Thus, in the methods and
compositions described herein, 1t is nnderstood thet the term **Cas” inchudes both
Cas® and Clpl proteing, Thus, ss used hevedn, 8 “CRISPR/Cas systemy™ refers both
CRISPR/Cas and/or CRIBPFR/ACH! syetems, including both nuclease and/or
transoription factor systems.

8171 in some embodiments, the DNA binding domein is part of 8 TtAgo
system (see Swarts of of, bid; Sheng o of, ibd).  In eulsryoies, gene silencing is
madisted by the Argongute (Age) family of proteins. In this paradigm, Ago is bound
to small {19-31 nt} RNAs. This protetn-BNA silencing complex recopnizes target
RNAs vis Watson-Crick base pairing betwesn the small BNA and the target and
endonucleciytically cleaves the target RNA (Vogel (2014) Science 344:972.9731L In
sonirast, prokaryotic Ago proteins bind fo small single-stranded DNA fragments and
Hkely function to detect and remove foreign {oflon viral) DNA (Vusn ef of, (2005
Mol Cell 18, 405; Olovnikov, o2 ol. (20133 Mol Cell 51, 394; Swarts of af, ibid).
Ezemplary prokarvotic Ago proteing includs those from Aguifer aeolicus,
Rhodobacter sphaeroides, snd Thermus thermophifus.

{BE72) One of the most well-charseterized peokaryotic Ago protein is the ons
from . shermophilus {TtApe; Swarts of al. ibid). TtAgo assccintes with sither 15 nt
or 13-25 nt single-stranded DNA fugments with 5° phosphate groups. This “guide
DA™ bound by TiAgo serves to divect the protein-DINA complex to bind & Watson-
Crick complementary DNA sequence in s third-party molecule of DNA. Once the
sequencs information in these guide DN As bas sllowsd identification of the target
TINA, the TtAgo-guide DNA complex cleaves the tarpet DHA. Such 2 mechaniam is
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slso supported by the structure of the TrAgo-guide DNA complex while bound o its
target DINA (G, Sheng ef ol ibdd). Ago from Rhodobacter sphaeroides (ReAgo) has
stmiler properties (Olivnikov o ol #bid).
{81731 Exogenous guide DNAs of sebitary DNA seguence can be losded cnlo
the TtAgo moteln (Swarts o2 ol i5id). Bince the specificity of TtAgo cleavage is
directed by the guide DNA, 8 TiAgo-DNA complex formed with an exogenous,
investigator-specifisd guide DNA will therefore direct TtAgo target DNA cleavage o
a complemeniary investigator-specified target DNA. In this way, one may create 8
tergeted double-strand break in DINA. Use of the TtAgo-guide DNA system {or
orthologous Ago-guide DNA systems from other organisms) allows for targsted
cleavage of genomic DNA within cells. Such cleavage can be elther single- or double-
giranded. For cleavage of memmalion gesomic DNA, i would be prefersble to use of
& version of TiAgo codon optimized for expression in mamralisn cells, Forther, it
might be preferable o troat cells with a TiAgoe-DNA complex formed in vitre whers
the Ttage protein {s fused o & cell-penetrating peptide. Further, 3 might be prafarmble
0 use a version of the Ttago protein thet has been altered vis mutagenesis to have
fmproved activity at 37 degress Celsius. TtAgo-RNA-medisted DNA cleavage could
be used to affbet 2 panoply of outcomes including gene knock-out, targeted gens
addition, gene correction, targeted gene deletion using technigues standerd in the art
for exploitation of IINA bresks, -
1174] Thus, the nuclesss comprises 8 DN A-binding domadn in that
specifically binds {0 o target site in any gene into which it is desired to insert a donoy
{iransgens).

Cleavage Domalns
18175] Any suitsble cleavage domesin cen be operatively linked to g DNA-
binding domsin fo form a nuclesss.  For example, ZFP DNA-binding domains have
been fused to nucleass domaing o create ZFNs — s functionsl entity that is able o
recognize its intended nuclelo acld targed through iis engineered (ZFP) DNA binding
domain and cause the DNA o be cut near the ZFP binding site vis the nuclesse
activity. Ses, e.g., Kim ef al, (1998) Proc Natl doad Sci US4 93(3):1156-1160. The
term “ZFN includes & pair of ZFMs that dimerize o dleave the target gene. More
recently, ZFNs have been need for genoms modification in » variety of organisms,
Seg, for example, Uniled States Patent Noe. 7,888,121; §,409,861; 8,108.255; and
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8,447 434; . Likewise, TALE DN A-binding domains have been fiused 1o nuclense
domeins to cveate TALENs. See, o.g., U5, Patert No. 8,386,526, CRISPR/Cas
nuclense systerns comprising single guide RNAs (sgRNAs) that bind to DNA and
associste with clesvege domains {eg., Cas domeins) to induce targeted cleavage have
aleo boon desoribed, See e, UK. Patent Nos. 8,697,359 and 8,932,814 and U8,
Fatent Mo, 9,873,804,

81763 As noted ebove, the clesvage domadn may be helerologons to the
DNA-binding domain, for example a zine flager DNA-binding domain and 2 cleavage
domain from a nuclesse or s TALEN DNA-binding domain and 5 cleavage domain
from s nuclesss; s sgRNA DMNA-binding domein and 2 cleavage domain flom s
nuclesse (CRISPR/Cag); and/or meganuciesse DNA-binding domain and cleavage
domain from a different muclesse. Helerologous clesvage domaing can be obiainad
fromn sny endovuclesss or exovuclesse. Bxemplary endomucleases from which s
clexvage domain can be derived include, but are not Himdted to, restriction
endonuclenses and homing endomuclosses. See, for exsmple, 2002-2003 Catalogus,
MNew England Biolebs, Beverly, MA; and Belfort of af. {1997} Nucleir dcide

Res 25:3379-3388. Additional enzymes which cleave DINA sreknown (2g., §1
Nuclease; mung bean nuclesse; pancreatic DNass I microcosos! nuclease; vesst HO
sndonuciease; see also Linn of of (ede.} Mucleases, Cold Spring Harbor Laboratory
Press, 1993} Ouoe or more of thess enzymes {or finctionsl fregments thereof) can he
used as a souree of dleavage domalns aud dleavage helf-domains.

L Similarly, a cleavege half domain can be derived from any ouclesse or
purtion thereof, as set forth sbove, that requires dimerization for cleavage activity, In
general, two fusion profeins are reguired for clegvage if the fusion proteins comprise
cleavage helf-domains. Alternatively, s single proteln comprising two cleavage half
domeains can be used. The two cleavage halfdomaing can be derived from the same
endonuclease {or Awctiona! fugments thersof), or sach cleavage helfdomain can be
derived from g differsmt endonuclesse {or functiona! fragments thereoD). In addition,
the target sites for the two fusion protoins wre preferably disposed, with respect to
sach other, such that binding of the two fusion proteins to thelr respective targst sites
places the cleavage half-domaing in 5 spatial orientation to each other that allows the
cleavage half-domaing to form & functional cleavage domain, &g, by dimerizing.
Thus, in certain embodirents, the near edges of the terget sites wro separated by 5.8
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suclentides o by 15-18 nucleotides. However, any integral number of nuclectides or
nuciectide peirs can intervens betwesn two tarpst sites {e.g., froon 2 to 50 nuclsotide
pairs or morg), In genersl, the site of clesvage livs between the target sites.

78 Hestriction endosuclesses (restriction sozymes) are present in many
species and are capable of seqguence-specific binding to DNA (at 2 recognition site),
snd cleaving DNA af or pesy the site of binding. Certain restriction eneymes {a.g.,
Type HE} cleave IINA s sites removed from the recogrition site and have separable
binding and clesvage domains. For exsmple, the Type 18 enzyme Fok I catalyees
double-stranded cleavage of DNA, at 9 nuclestides from #s recognition sile on ons
girand and 13 mucleotides from s recognition it on the other. See, for example, US
Patents 5,358.802; 5,436,150 and 5,487,904, sz well a5 Li er gl {1992} Proo, Nail.
Acad, Scl. US4 88:4275-4279; Li er ol {199%) Proc. Newl Avad, Sci, US4 98:2764-
2768, Kim et al. (1994a} Proc, Notl doad, 3o, US4 91:88%-887; Kim of of. {1994h)
A Binl Chem, 289:31,978-31,982. Thus, in one exmbodiment, fusion protsing
comprise the cleavage domain {or cleavage halfdomaein) from st least one Type IS
regiviction enzyme and one or more 2ine fioger binding domeins, which may or may
not be enginesred.

1791 An exemplary Type IS restriction enzyme, whose dlesvage domain is
separeble from the binding domain, is Fok L This particular enzyme is activess g
dimer. Bitinsile ef al, (1998} Proe, Natl doad, Soi, USA 98: 10,570-10,575,
Accordingly, for the purposes of the present disclosurs, the portion of the Fok [
szyme used in the disclossd fusion proteins is considered a cleavage half-domsin.
Thus, for targeted double-stranded clesvage and/or targeted replacement of collular
sequences using zine finger-Fok 1 fuslons, two fusion proteiss, each comprising s
Fokl clogvage helf-domain, can bs used o reconstitute s catalytioally active cleavage
domain. Alternatively, s single polypeptide molecule containing & zine finger binding
domain snd two Fok I cleavage half-domains can slse be used. Parameters for
targeted cleavage and targeted sequence alteration using zine fnger-Fok | fusions are
provided elsewhers in this disclosors.

B184] A cleavage domsin or cleavags half-domain can be any portion of s
protein thet retaing cleavags activity, or that retaing the sbility to multimerize {e.g.,
dimerize) to form & finctionsl cleavage domain,
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LR Exemplary Type IS restriction enzymes are described in U8, Pateng
7,888,121, incorporsted hereln in its entivety. Additions] restriction snzymes slso
sontain separable binding and cleavage domaing, and thess are contemaplaied by the
present disclosurs. See, for example, Roberts et af (3003) Nucleic Aoids Bes 35:418-
420,

G183} In certain smbodiments, the cleavage domain comprises one or mors
enginesred cleavage half-domain (also referrad to as dimerization domadn mutants)
that maindmize or prevent homodimerization, as described, for example, in 1.5, Patent
Mos, B,772,453; §,823,618; 8.400,861; 8,034,598, 7,814,796; and 7,888,121, the
dizclosures of all of which sre Incorporated by reference in their entiveties hersin,
Amino scid residuss 8t positions 446, 447, 479, 483, 484, 486, 487, 490, 481, 496,
498, 499, 500, 331, 534, 337, and 538 of Foll are sl targets for influencing
dimerization of the Fokl cleavage haif-domains,

{8183} Exernplary enginesred clesvage half-domaing of Fokl that form
obligate heterodimers include a pair in which a St cleavage half-domsin includes
muistions st aming scid residoes & positions 490 and 538 of Fokl and a second
cleavage half-domain includes mutstions at amine aoid residuss 486 and 499,

BiBg) Thus, in one emsbodiment, & mutation at 490 replaces Glu {B) with Lys
(K} the omutation at 538 replaces Iso () with Lys (X} the mutation at 486 replaced
Gl () with Glu (E); and the mutation st position 499 replaces Iso () with Lys (K3
Specifically, the engineered cleavage half-domaing described herein were prepared by
muteting positions 490 (E—K) aud 338 (1K) in one cleavage half-domain to
produce an enginsered cleavage helf domain designated “B490KISI8KY ("KK™) and
by mutating positions 485 (Q—E) and 499 (I-—L) in ancther cleavags half-domain to
produce an engineered cleavage half-domain desipnated “Q486H: 149917, (“EL™.
The enginesred cleavage half-domaing described horein are obligate heterodimer
moutants in which sberrant cleavage is minimized or gholished. 115, Patent Nos,
7,914,796 and 8,034,398, the dsclosures of which are incorporated by reference in
their sntiveties. In coriain embodiments, the engineered cleavage half-domsin
comprises mutstions at positions 486, 499 and 496 (numbered relative to wild-type
Fokl), for iostance mutations thet replace the wild type Gin (Q) residue at position
486 with a Glu(E) residue, the wild type Iso (1) residue i position 499 with g Leu (L)
residue and the wild-type Asn (N} residue st position 496 with an Asp (0 or Gl ()
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residue {also referred t0 28 g “ELDY™ and “BLE” domaing, respectively), In other
embodiments, the enginesred cloavage half-domain comprises mutations at positions
480, 338 and 537 (numbered relative to wild-tyvpe Fokl), for instance mulations that
replace the wild type Glu (B) residue af position 490 with & Lys (K) residue, the wild
type Iao (1} residue ot position 538 with & Lys (X)) residue, snd the wild-type His )
residue at position 5337 with s Lys (K} residus or 2 Arg (R} residue {also refved o as
“REE” and “KER” domsing, respectively). In other embodiments, the englosered
clenvage half-domain comprises mutations st positions 490 and 337 (numbered
refative to wild-type Fokl), for instance mutations thet replace the wild tvpe Glu (8}
residue gt position 490 with g Lys () residue and the wild-type His 1) residus at
position 537 with & Lys (K) residue or 3 Arg (R) residue (alen referred to a5 “EIR”
angd “KIR” domains, respectively). See, eg, UE, Patent No. §,772,453. In other
embodiments, the engineered cleavage helf domain comprises the “Sherkey”
mutstions (see Ouo of gf, (201017 Mol Biol 400{13:86-107)

BI85} Unginsered cleavage half-domains desceibed heredn can be prepared
using any suiteble method, for example, by site-directed mutagenesiz of wild-type
cleavage hallf-domaing {Fok I} as described 0 US, Patent Nos. 8,623,618; 8,409,881,
8,034,598, 7,914,796; and 7,888,121,

184} Methods and compositions sre also used o incresss the specificity of 8
nuclease puir for Hs intended target relative o other unintended cleavage sites, known
a8 off-target sites (see ULS. Patent Publication No. 20170218349 and 20180087072).
Thus, nucleases desoribed harein van comprise molations in one or more of teir DNA
hinding domain backbone regions snd/or one or more mutations in their nuclease
cleavage domains. These nocleases can inclode mutations to amino acid within the
ZFF DNA binding domain {"ZFP backbone”) that can interset nog-specifically with
phosphates on the DA backbone, but they do not comprise changes in the DNA
recognition helices, Thus, the ZFP may include mutstions of cationio amine acid
residues in the ZFF backbone thet are not required for nucleotide target specificity. In
some embodiments, thess mutations in the ZFP backbone comprise mutating 1
eationic aming scid residue o 8 nevtrs] or axionic aming sedd residue. In some
erabodiments, these nuutstions in the ZFP backbone comprise mutating s poler amino
seid residue o g neuiral or non-poler snino add residue. In preforred embodimenis,
mutetions st made st position (-5}, (-9} andfor position {-14) relative to the DHA
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binding helix. In some embodiments, g zine finger may comprise one or mors
mutations at (-5}, {-9) sndfor {14}, In further embodiments, one or more zine finger
in & multi-finger zine fnger protein may comprise rutetions in -5}, 93 andior (-14).
o some embodiments, the aming acids at (-8}, {(-9) snd/or (14} {e.g. an arginine (R)
or Iyeine (K)) are mutated to sn alanine (A}, leucing (L), Ser (8), Asp (M), Glu (8,
Tyr (V) and/or glutamine ()

6187 In certain embodiments, the engineered clesvage half domaing are
devived frow the Foll nuclesse domein and comprise a mutation in one or more of
aeming acid residues 416, 422, 447, 448, and/or 525, numbersd relative to the wikl-
type full length Fodl. In some eobodiments, the mutations in amine scid residues
416, 422, 447, 448, and/or 525 are introduced into the Fel “ELDY, “ELE”, “KRXK™,
“RER”, “KE”, “BLY, “KIK”, “EIR” and/or Sharkey ag described above.

{4188} Further, described herein are woethods to focrense specificity of
cleavage sclivity through independent titration of the engineered clegvage half
domain partners of & nuclease comples. In some embodiments, the ratio of the two
partners (half cloavage domeins) is given at a 12, 1.3, 134, 1:5, 138, 138, 119, 1:10 or
1:20 matin, or any value thereberwesn. In other embodiments, the ratio of the two
pariners is greater than 1:30. In other embodiments, the two partners are deployed at
g ratic thet is chosen to be different fom 1:1. When used individually ovin
combinstion, the methods and compositions disclosed hereln provide surprising and
unexpected increases in targeting specificity via reductions in off-target cleavage
getivity, The auclesses used in these embodiments may comprise ZFNs, 2 pair of
£¥FNg, TALENSs, s pair of TALENs, CRISPR/Cas, CRISPR/4Css and TiA gD, or any
combinstion thereof,

5189 Alternatively, nucleases may be sssembled in vive at the nucleic acid
target site using so-called “split-eneyme” technology {see, 2p. UK. Patent Publication
Ho. 20090088184}, Components of such split ensymes may be expressed eithar om
separaie sxpregsion constructs or can be Hoked in one open reading frame where the
individual componenis are separsted, for example, by a selfcleaving 24 peptide or
IRES sequence. Components may be individus! zine finger binding domadns or
domaine of 3 meganuclease oucleic acid binding domain,

{B190] Nucleases can be scresned for activity prior to use, for cxsmpleing
veasi-based chromosomel sysiem ss described in U5, Patent No. §,563,314.
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Bxpression of the nuclease may be under the control of & constitutive promoter or an
inducible promoter, for example the galactokinase promoter which is activated (de-
repressed} in the presence of raffinoss and/or galactose and repressed in preseacs of
glucose.
LY The Cas? related CRISPR/Cas systern comprises two BNA nov-coding
compoensnts: wacrRNA and 8 pre-orBNA array containing nuclesse guide sequences
{spacers} interepaced by identical direct repoats (DRe). To use s CRISPR/Cas system
o acoomplish genome engineering, both functions of these RN As must be present
{see Cong ef af, (3013} Sciencexpress 1/10.1126/cience 1231143). In some
embodiments, the ttasRHNA sod pre-crRMNAs are supplied via separste expression
constructs or 89 separsie RNAw In other embodiments, & chimeric BNA is congiructed
where an enginsered mature RNA {conferring targe! specificity’ is fused to s
trasrBNA {supplying interaction with the Cas?) to create 2 cimeric or-BNA-
traorBNA hybrid (also termed 8 single guide RMNA) (see Jinek ibid and Cong, ibid).
Target Bitey
{8192 Az desoribed in detail above, DNA domains can be engineered to bind
0 any seguence of cheics In a loons, for example an slbumin or other safe-harbor
gene. An enginesred DN A-Mading domain can have 2 novel binding specificity,
compared 1o 8 natursily-ocomring DNACbinding domain, Engineering methods
include, but are not lmited o, rations! degign and various types of selection. Rations]
design includes, for example, using databases comprising tiplet (or guadruplet)
nuclectide sequences and individusl {e.g, zine fnger) smino acid seguences, in which
sach triplet or quadroplst nuclectide seguence s associated with one or more aming
acid sequences of DNA binding domain which bind the particular triplet or quadruplet
sequence. See, for example, co-owned ULS. Palents 6,453,242 and 6,534,281,
incorporsted by reference heredn in their entivetios, Rations! design of TAL-sffector
domeing can also be performed. See, e.g., U.E. Patent No., 8,588,528,
8193} Exemplary selection methods applicable to DNA-binding domains,
including phege dsplay and two-hybrid systems, are disclosed in US Patents
3,788,538, 5,925,523; 6,007 988; 6,013,453; 6410,248; 6,140,4586; 6,200,75%; and
6,242,568; 2z well g5 WO SR/I7188; WO SR/53087, WO D0/27R878; WO 01/88197
and (B 2,338,237,
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[194] Selection of target sites; nucleases and methods for design and
eonstruction of fusion proteins {and polynucleotides encoding same) are known o
those of skill in the art snd desaribed in detall in ULE. Patent Nos. 7,888,121 and
8,400 831, Incorporsted by reforence in their entiveties herein,
198} In sddition, as disclosed in these snd other references, DNA-binding
domaing (e.g., multi-fingered zine finger proteing) mey be linked together using any
suitable linker sequences, including for example, linkers of § or more mmino acids.
See, e.g., U8, Patent Nos. 8,567,609, 6,479,626, 6,903,185; and 7,153,949 for
sxemplary linker sequences 6 or more amino acids in length, The proteins described
herein may include any combination of suitsbls linkers between the individual DNA-
binding domains of the protein.

Donors
[B198] As poted above, methods end compositions for the introduction of an
exogenous sequence {also called & “donor constroet™ or “donor sequence™ or “donor™
into 8 subject, for example to comrect of & mutant gene or for inorsesed expression of 8
gens sucoding 8 protedn lacking or deficient in Fabry disease {e.g., o-GalA), are
provided.
D197} It will be readily apparent thet the donor seguence is typically not
identical to the genomic sequence whers i is placed. A donor sequence can contain a
non-homologous seguence flanked by two regions of homology (“homology mms™i o
siiow for efficient HDR # the location ai’ intersst. Additionally, donor sequences can
comprise a vecior molecule conlsining seguences that are not bomologous fo the
region of interest in celhuler chromatin, A donor molecule can contain seversl,
discontinuous regions of homology to cellular chromatin, For example, for targeted
inzertion of sequences not nopmally present in a reglon of interest, said sequences can
be present in 2 donor suclsic scid melecule and flanked by reglons of homology 1o
sequencs in the region of interest.
Bisg Described borein are methods of targeted insertion of & transgens
encoding 8 a-GalA protein for insertion into 2 chosen location. The GLA tranagene
may encods & full-length «-Gald profein or may encode s troncated o-GalA protein,
Polynucleotides for insertion can slso be referred 1o 83 “exogenous” polynuclestides,
“donor” polynucleotides or molecules or “ransgenes.” Non-limiting exemplary GLA
donor constricts are shown in FIG. 14 and 1B,
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[aroa] The doner polynuclestide can be DNA or RNA, single-siranded andior
doubde-siranded and can be introduced into & coll in linesr or ciroular form. See, 2.,
LS. Patent Nos. 8,703,489 and 9,255,259, The donor sequence(s) cmn slso bs
contained within s DNA MO, which may be introduced inlo the cell in cireular or
linear form. See, ag.. 1.8, Patesyt Publicstion Mo, 20140335083, If introduced in
linear form, the ends of the donor sequence can be protected {e.g., from
exonucieoiytic degradation) by methods known to thoss of skill in the art. For
example, one or more dideozynucleotide residues are added to the 3 terminus of 8
linear molecuds andfor self-complementary oligomucisotides are Hgated to one or both
ends. See, for example, Chang of ol (1987} Proc. Natl dead, Soi. US4 B414959-4963;
Nehls e of (1996) Science 2T2:886-889. Additions! methods for protecting
sxogencus polynuclectides fom degradation include, but ave not lrnited to, addition
of termine! sruine groupls) and the use of modified infermucleotide lokages much as,
for example, phosphorothiostes, phosphorgmidates, and O-methyl riboss or
deoxyribose residuss.

2308 & polynucleotids con be introduced into & cell a8 part of & viral or non-
viral vector molecule having sdditional sequences such as, for exsnple, replication
origing, promoters and penes sncoding antibiotic resistance, Moveover, donor
polynucleotides can be Introduced as naked pucleic acid, as nuecleic soid complexed
with an sgent such 88 8 liposoms or peloxamer, or can be delivered by viruses (e.g.,
adenovirus, AAY, herpesvirus, retrovirus, lentivirus and integrase defective lentivirus
{IDLV).

268 The donor may be inserted so that its expression iy driven by the
endogenous promoter at the integration site, namely the promoter that deives
sxpression of the endogencus gene into which the donor is inserted {e.g.. bighly
expreszed, slbumin, AAVEL, HPRT, ete.). However, it will be apparent that the
donor may comprise & promoter and/or enhancer, for example a constitutive promoter
or an inducible or tizeue specific promoter. In some embodinents, the donor is
maintained in the cell in an expression plasmid such thet the pens is expressed extra-
chromosomally.

{Baps The dosor molecule may be inserted indoe an endogenous gens such
that gll, some or none of the endogenous gene is expressed. Por example, 2 ransgens

s described hersin may be inserted into su slbumin or other loons such thet some (N-
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terming! and/or Cterminal to the transgene encoding the Iysosomal enzyme) or nons
of the endogenous albumin segoences ars expressed, for example as 2 fusion with the
ransgene encoding the o-Gals proteins). In other ewbodiments, the transgene {e.g.,
with or without additionsl coding sequonces such as for albumin) is integrated into
any endogenous locus, for example a sefe-harbor locus.

6283] When endogenous sequences {sndogenous o part of the fransgene) are
expreszed with the transgens, the endogenous seguences {e.g., albumin, ¢ic.) may be
full-length sequences (wild-type or nustant) or partial sequences. Preferably the
endogenous sequences are functional. Non-Hmiting examples of the fimction of these
il length or partial sequences (e.g., albumin) include incressing the serum helfilife
of the polypeptide expressed by the transgene {e.g., therapeutic gene) and/or aoting a3
a cazrier.

16284] Furthermore, aithough not reguired for expression, exogenous
seguences may also include trenseriptionsl or translstions] regulstory sequences, for
sxample, prometers, enhancers, insulators, intermnsl ribosome entry sites, sequences
encoding 24 peptides and/or polyadenyiation siguals,

362858} Exogenous sequences linked to the transpene can glso fuckude signal
peptides to assist in processing andfor secretion of the encoded protein, Non-Hmiting
sxamples of these signsl peptides include those fom Albumin, ID8 and Pactor L
268} I certain embodiments, the exogeuous sequense {donor} comprizes &
fusion of a protedn of interest and, a5 its fusion partner, an extracelluler domain of a
merabrane protein, causing the fusion protein to be located on the suwrfce of the cell.
This allows the protein encoded by the transgene to potentially act in the serum. In the
case of Fabry diseass, the e-UslA ensyme sncoded by the transgens acls on the
metabolic products that ere scounmiating in the sevurn from s location on the mufacs
of the cell {e.g., RBC). In addition, if the RBC is enguifed by a splenic macrophage 88
is the normal course of degradation, the lysosome formed when the macrophage
engnifs the call would expose the membrane bound fusion protein to the high
soncentrations of metsbolic products in the Iysosome &t the pH more naturally
fevorshle to that enzyme.  Non-limditing sxemples of potential fusion paviners we

shown below in Table 2,
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Hame | Acthvity
Bangy e  Anlon transporter, makes up to 25% of the
REC membrane surface protein
PR e e —————
; Gl glucose and L-dehydroascorbic acid
transporter
kizidéﬁ%igan proten ures transporter
rRRas  gas transporter
ATP1AL, ATPIB1 S Negsfi+ - ATPass
ATPIBL, ATP2B2, ATP2BY, ATPZES Ca2e-ATPase "
NKCCL, NKCCZ Na+ K+ 205 - cotransporter
5101243 Na+Ch - cotransporter
SLC12A3, 5LAI2A2 Na-i - cotransporter
T — T b
T G e
[B367] In somme cases, the expression construct ey comprise an endogenous

GLA gens that bas beon modified. For instence, codon optimization may be
performed on the endogenous gene. Forthermors, although antibody response to
enzyme replacement therapy veries with respect to the specific therapeutic snzyme in
guestion and with the individual patient, a significent fnoume response has been seen
in many Fabry disease patients being treated with enzyme replscement with wild-type
u-CalA, The transgene is congidered 1o provide g therspeutic protein when i incroases
the amount of the protein {and/er Hts activity) as compared to subjects without the
transgene. In addition, the relevence of these antibodies t the officacy of treatment is
also varisble (soe Kethering Ponder, (2008) J Clin Invert 118(8):2686). Thus, the
methods and compositions described hersin con comprise the gonerstion of expression
constructz with modified sequences as compared to wild-type GLA, including, but not
Hmited fo, modifications that produce functionally silent amino acid changes af sites
known io be priming epitopes for endogenous lmmune responses, andfor truncations
such that the polypeptide produced by such s sequence is less immunogenic.
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268 Fabry disease patients often have neurologion] sequelas due the lack of
the missing o-GalA enzyme in the brain, Unfortunately, # is often difficult to deliver
therapeutics 1o the brain via the blood dus to the impermesbility of the blood brain
barrier. Thus, the methods and compositions may be weed in conjunction with
methods o inorsass the delivery of the therspentic into the brain, inclading but not
fimited to methods that ceuse 8 transient opening of the tight lunctions betwasn colls
of the brain capillaries such as ransient osmotic disruption through the use of an
intracarotid sdministration of a hypertonic mannito! solution, the use of focused
ultrasound and the sdmdnizteation of v bradykinin analogue (Matsukado of of (1996}
Mewroswrgery 39125}, Altornstively, therspeutios can be designed to utilize receptons
or ansport mechanizms for specific tansport into the brain. Hxemples of specific
receptors that may be used include the transferdn receptor, the fnsulin receptor or the
low-density lpoproteln receptor related proteins 1 and 2 (LRP-1 and LRP.2). LERP s
known to interact with a range of secreted proteing such 45 apoE, (PA, PAL1 gie, and
so fusing & recognition seguence fom one of these proteing for LRP may Heilitate
transport of the enzyme into the brain, bllowing expression i the liver of the
therapeutic protein and seorstion info the blood stremm (see Gabathuler, (2010} #hid).
B8}

Cells
{6218} eneticslly modified cells (v g, stom cells, precursoe cells, Bver cells,
musele celly, efe) comprising so exogenons (LA transgene (integrsted or
sximchromosomal) are alsp provided, including cells made by the methods described
hereln. These oells con be used to provide an o-0al A protein to a subject with Fabry
disease, for example by administering the cll(s) to 8 subjest in need thereof or,
aiternatively, by izsolating the a-Gal A protein produced by the cell and administering
the protein o the sublect in nead thersof (enzyme replacement therapies),
Alternatively, the cells may be gonarsted fn vive in the subject by sdministration of
the expression constracts as described hersin. Thus, isclated and in wive genetically
modified cells ars provided. Also provided sre vectors {e.g., viral vectors such as
AAY or Ad or lipid nenoparticles) comprising a8 GLA trensgene for use in any of the
raethods deseribed hereln, Including for use in reatment of Fabry discase,
G211 In any of the methods desoribed herein, the GLA transgens may be

inseried into the genome of & target cell using & nuclease. Non-limiting examples of
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suiteble nucleases inchude zinc-finger nuclesses (ZFNz), TALENz (Transcription
activetor like protein nuclesses) andler CRISPR/Cas nuclesse syutems, which include
z Dt A-binding moleculs that binds t a target site in a reglon of intwrest (e g, 2
disease associsted gene, a highly-sxpressed gene, an albumin gene or other safe
harbor gene) in the genome of the cell and one or more nuclease domains (2.,
vleavage domsin andi/or clesvage helfedomainy. Cleavage domsing and clesvage half
domaing can be obteined, for exsmple, fom various resiriction endonuclesses, Cas
profeins snd/or homing endonucleases. In cortain embodiments, the zine finger
demain recognizes a terge! site in an dlbumin gene or 2 globin gese in red blood
precursor cells (RBCs), Ses, a.g., ULE. Patent Mo, 8,877,988, invorporated by
reference in its eutirety herein, In other embodiments, the nuclesse (e.g., ZFN,
TALEN, and/or CRISPR/Cas gystem) binds to sadior cleaves g safe-harbor gene, for
srample 8 CORS gene, 8 PPPIR1ZC (also known a8 AAYVS!) gene, albumin, HPRT
or 8 Bopg gene, Ses, e.g., ULE, Patent Nog. 5,877 988, 9.567,573; 9.447,434;
£,394,545; 9,222 105; 9.206.404; 9,1 50,847; §,805,264; 8,771 ,985; 8,106,255;
T.888,121; 7,972,834; 7.914,798; 7,951,925; 8,110,379; 8,409 8681; and 8,585,526;
U.5. Patent Publications 20030232410 and 20060063231, The nucleases {or
components thereof) may be provided as s polynuclestide envoding one or more
ouclesses {eg., ZFH, TALEN, and/or CRISPR/Cas system) described hersin, The
polynuciectide may be, for sxample, mRNA. In some sspects, the mRNA may be
chemically modified (See e.g. Kormann ef af, {2011} Nomwe Bictechnology
28(23154-157). In other sspects, the mRNA may comprise an ARTA cap (see 1.8,
Patents 7074,506 and 8,153,773}, In further embodiments, the mRNA may comprise
s mixiurs of nomodifisd and modified sucleotides (see 118, Patent Publication
20120195938). In s6ll fwther ambodiments, the mRNA mey comprise s WFRE
glement {see LL5, Patent No. 10,179,518}

[92132] In another sspect, genetically modified cells (g, stem cells, precusor
cells, Hver colls, muscle cells, ste.) with the desired GLA tansgene (optionally
tntegrated using a nuclesse) sre desoribed, In some aspects, the edited stem or
pracinsor oells ars then expanded and may be induced o differentiste into 8 maturs
edited cells ax vive, and then the cells are given fo the patient, Thus, cells descended
from the genetically edifed (modified) GLA-producing stem or mrecursor cells as
described herein may be used, In other aspects, the edited precursons (e.g., CD34+
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stem cells) are given in 8 bone mearrow (ransplant which, following successfl
implantation, proliferste producing edited cells that then differentiate and meture in
vive grd contain the biologic expressed from the (LA transgene. In some
embodiments, the edited CD34+ stem cells are given to a patient inlravencusty such
that the edited cells migrate to the bone marrow, differentiate and matwre, producing
the a-{al A protein, In other aspects, the odited st cells are muscle stem colls
which are then introduced into muscle Hesue. In some aspects, the enginesrad
nuclease iz 8 Zine Plnger Nuclosse (ZFN)} {the term “ZFN” includes s pair of ZFNs)
and in others, the nucleese is 8 TALE muclense (TALEN) (the term “TALENY”
include a pair of TALENS), and in other sspects, 2 CRISPR/Cas system is ussd. The
nuclesses mey be engineered to heve specificity for a safe harbor loons, & pone
sssocipted with g disease, or for a gone that is highly expressed in cells, By way of
non-Hiniting example only, the safe harbor locus may be the AAVE] site, the CURS
gens, albumin or the HPRT gene whils the disesse associated gene may be the GLA
gene encoding o-galaciosidase A,

f213] The GLA transgene mwy be full-length or modified and can be
sxpressed extra-clromosormally or can be integrated in s targeted manner indo the
sell’s genome using one or more puclesses. Unlike random integration, suclease-
mediated largeted integration ensures that the iransgens is Integrated into 8 spectfied
gene. The transgene mey be integrated anywhere in the target gene. In certain
smbodiments, the Gansgens is integrated ot or near the nuclesse binding snd/or
cleavage site, for example, within 1-300 {or any mumber of base pairs therebetween)
base pairs upstresn or downstream of the sits of cleavage and/or binding site, more
preferably within 1-100 base pairs (or any number of bage pairs therebatween) of
sither side of the cleavage snd/or binding site, even more preferably within 1 to 50
baze paire {or any number of base pairs therchetween) of either side of the cleavage
andfor binding site. In corlsln embodiments, the integrated sequence does not includs
sny veolor seguences {e.g., virsl veotor sequences).

B214] Any oell type can be genetically modified as desoribed herein to
comnprise s iransgens, including but not Hmited to colls or cell lings, Other non-
lhmiting exampleos of genetically modified cells as described hersin include Toells
{z.g. D4+, CDG+, CDE+, sin); dendritic colls; B-cells; sulologous {e.g., petient-
derived), rouscle cells, beain cells snd the like. In cortain embodiments, the cells are
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tver cells and ave modified i vwive. In corisin embodiments, the cellz are siem cells,
incheding beterclogous pluripotent, totipotent or multipotent stem cells (g, CD34+
gelle, induced pluripotent sters cells ({PECs), embryonic stem cells or the like). In
cerisin embodiments, the cells as desoribed herein sre stem cells derived from patient,
218l The cells a8 described berein are usefid in treating and/or preventing
Fabry disease In a subject with the diserder, for example, by In wive therapies. Bx
vive therapios sre also provided, for exeample when the nuclesse-modified cells can be
expanded and then reintroduced into the petient using standard techniques. See, 2.5,
Tebes ef ol (2014} New Eng J Med 3700103901, In the case of stem cells, afler
infusion into the subjedt, s vive differentistion of these precursors into cells
expressing the fwctional protein (Fom the inserted donor) also scours,
G216 Pharmacentios! compositions comprising the cells 28 described herein
are also provided. In addition, the cells may be aryopreserved prior fo administration
o 8 patient,

Deolivery
21T The cDNA expression constructs, nuclesses, polynuclestides encoding
these nuclesses, donor polynucleotides and/or compositions {e g, colls, proteins,
polvnuclestides, otc.) deseribed herein may be deliverad in vive or gx vive by any
suitable mesns.
B8 Methods of delivering vuclenses as described heoreln are desoribed, for
example, In ULB. Patent Nos. 6,4583,242; 6,503,717, 6,534,261 6,509,602; 6,607,882,
6,689,558; 6,824,978; 6,933,113; 6,979,53%; 7,013,219; and 7,163,824, the
disclosures of all of which are incorporsted by referencs herein in their entivetion.
(6219 Expression constructs snd/or nucleases as described herein may slso be
delivered using vectors containing seguences encoding one or more of the zine fnger,
TALEN snilor Cas protein(s). Any veotor sysiems may be used including, but not
limited to, plasmid vectors, retroviral veciors, lentiviral vectors, sdenovirus vectors,
poxvirug vectors; herpesvires vectors and sdeno-sssociated virus vectors, sio, Jes
also, 114, Patent Mos. §,534,261; 6,607 882; 6,824,978; 6,533,113; 6,979,535;
7.013.219; and 7,163,824, ncorporsted by reference herein in their entivetics,
Furthermore, it will be spperent thet any of these vectors may comprise one or mor
of the sequences needed for trestioent. Thus, when one or more noclesses and &

donor conatruct are infroduced into the cell, the nuclesses sndfor donor polymslestide

Y



10

i3

24

25

K14

WO 2020/142752 PCT/US2020/012274

may be carried on the same vestor or on different vectors. When multiple vectors are
used, each vector may comprise 8 sequence encoding one or multiple auclessss andier
donor congtructs,

02281 Conventional viral aod noo-viral based gene ransfer methods can be
used to introduce cDINA expression constructs or mucleic acids encoding nuclenses
amcfor expression constructs in cells {e.g., manmmalian cells) and target tesues, Non-
viral vector delivery systems includs DNA plasmids, nsked sucleic acid, and nucleic
acid complexed with s delivery vehicle such as & Hiposome or poloxsmer. Viral vootor
delivery systems include DNA and RNA virnses, which have sither episomal or
integrated genomss afler delivery io the eell. For s review of gene therapy
procedures, see Anderson, Science 256:808-813 (1992); Nabel & Pelpner, TIBTECH
11211217 (1993} Miteni & Caskey, TIBTECH 11:162-166 {1993); Dillon,
TIBYECH 11167175 (1993}, Miller, Nafwre 357:455-460 {1992); Van Brun,
Biotechnology 6103 1148-1154 (1988); Vigne, Restorative Newrology and
Newrosclence 8:35-36 (1998}, Kromer & Perdosudet, Brivish Medica! Bullstin
S1{1%31-44 (1993); Heddada e 4l in Curvent Topics in Microbislogy and
Fymunclogy Doerfler and Béhm {eds.) (1995); and Yu ¢t g, Gene Therapy 1:13-26
{19943,

1§22} Methods of non-viral delivery of nuclelc scids include slectroporation,
Hpofection, microinjection, blolisties, virosomes, Bposomes, immuneliposomes,
polycation or lpldmucleic acld conjugstes, ngked DNA, srtificial virions, and sgent-
enhanced uptake of DNA. Sonoporstion using, e.g, the Sonitron 2000 svstem (Rich-
Mar} can slse be nged for delivery of nucleic acids,

152331 Additional exemplary nucleic scid delivery systems include those
provided by Amexs Biogystems (Cologne, Cermany), Mancyie, Ine. (Rockvills,
Muaryland}, BTX Molecular Delivery Systems (Holliston, MA) snd Copernicus
Therapeutios Inc, (see for example USS008338). Lipofection is described ine g, 1.5,
Patent Nog, 5,049,386, 4,048,787, and 4,897,355) and Hpofection reagents are sold
commercially {e.g., Transfectann™ gud Lipofectin™}, Cationic and newiral Hpids that
are suitable for efficient receptor-recognition Bpofection of polvmuclectides include
thoss of Felgoer, WO SU/17424, W 91/16024.

{6333 The preparation of Hpidimuclsic acd complexes, including targeted

Hposomes such v immunclipid complexes, 15 well known to one of kil in the art
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{see, e.g., Urysial, Science 270:404-410 {1995); Blaese o gl, Cancer Gene Ther,
$:201-287 (1993); Belw o ol Bloconfugate Chem. $:382-38% (1994); Remy er s,
Biaconfugate Chers. 3:847-654 (1994}; Gaw et ¢, Gene Therapy 2:710-722 (19585}
Almoad et ol, Concer Res. 52:4817-4820 (1992 1.8, Pat. Nos. 4,186,183, 4,217,344,
4,235,871, 4,261,875, 4,485,054, 4,501,738, 4,774,083, 4,837,028, and 4,946,787}
{83241 The oM As and/or nuciease compositions described herein can glso be
delivered using nanoparticles, for sxample Hpid nanoparticles (LNP). See, eg., Les ot
af {2016) dm J Concer Bez 6(531118-1134; U5, Palent Mo. 10,166,298; and US.
Publication No. 20180185516,

{B2235] Additions] methods of delivery includs the vse of packaging the
mucleie acids 1o be deliversd into BEnGenslC delivery velicles (BDVs). Theses EDVs
are specifically delivered o target Hssues using bispecific antibodies whers one s
of the antibody has specificity for the target tHssue and the other has specificity for the
B, The sutibody brings the BDVs to the terget cell surface and then the EDV is
brought into the cell by endooytosis, Once in the cell, the contents are relonsed (see
haclHarmid e of (2009) Nature Bivtechnology 2771643,

P LY The use of RNA or DNA virsl baged systens for the delivery of
nucleio acids encoding enginseved ZFPy take advardage of highly evolved processes
for targeting & virus t specific cells in the body and trefficking the viral pavicad o
the ouclovs. Viral vectors can be sdministered divectly to subjects (in o) or they
can be used to trest cells in vitre and the modified colls are adwmindstered to subjects
{ex vive), Conventions! viral based systemns for the delivery of ZFPs include, but are
not livnited fo, retrovirs, lentivirus, adenovirsl, sdenc-sssociated, vaccinis and herpes
simplex virus vectors for gone tansfer. Integration in the host genome is possible
with the retrovirus, lentivirus, end adenv-associated virus gene transfer methods, ofien
resulting in long term expression of the inserted transgene, Addidonally, kigh
transduction efficiencies have been observed In many different cell types and target
Honuss,

{8227} The topism of a refroviros can be sliered by incorporating foreign
envelope proteins, expanding the potentisl target population of terget cells. Lentivirsl
vectors ars retroviral vectors that are able to transduce or infoet non-dividing cells and
typically produce high virel titers. Selection of 2 vetrovival gene transfer system
depends on the target Hesue, Retrovirs! vectors are comprised of cis-aoting long
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terminel repeats with peckeging copacity for up to 8-10 kb of foreign sequence. The
mininngn ofs-acting LTRe ave sufficient for replication and packaging of the vectors,
which sre then used to integrate the therspeutic gone info the target cell to provide
permanent ransgene expression. Widely used retroviral veotors inchude those based
upon murine levkemis virus (MulY), gibbon ape leukemia virus (GsL V), Simian
Immunodsfciency virus {81V}, human immumodeficiency virng (HIV), and
combinations thereof {(zee, .5, Buchscher ef al, J Pirol 66:2731.2739 (1992}
Johann ef al, J. Virol 66:1635-1640 (1992} Sommerfelt of o, Pired 176:58-59
{1990}, Wilson of o, J. Virel 63:2374-2378 (198%); Miller e af., J Pirol 65:2220-
2224 {1921

[B238] In applcstions in which trausient expression is preforred, adenoviral
baged systems can be nsed. Adenoviral based vestors sre capable of very high
tramsduction sfficlensy in many cell types and do not reguire coll division. With such
vectors, high tter and high levels of expression have been obtained. This veotor can
be produced in large quantities in a relatively simple systom. Adeno-associated virus
{CAAV™) veclors are also used to ransduce cells with target nucleic acids, e.g., inthe
in vitre production of nuclels acids and peptides, and for in vive and ex vive gene
therapy procedures (see, 2.9, West ef ol Firology 160:38-47 (1987); U8, Patent Mo,
4,797,368; WO 93/24641; Kotin, Hionan Gene Therapy 5:793-801 {1994}
Muzyoseks, J Clin, fovest, 84:1351 (1994), Construction of recomblnant AAV
vectors are desoribed in s number of publicstions, including 1.8, Pat. No. 5,173,414,
Tratschin ef al., Mol Cell. Biol 5:3251-3260 (1985); Tratschin, ef al, Aol Cell Biol
4:2072-2081 (1884), Hermonat & Muozyosks, PNAS 81:6466-6470 (1984 and
Samulsli et gl J Firel 63:03822-3828 (1989,

[h2asy At least sin viral vector approsches are ourrently available for gene
transfer in clinical trials, which utilize spprosches that invelve complementation of
defective vectors by genes inserted into helper coll Hoes fo generate the transducing
agent.

{B23a] pLASN and MPG-S are exsroples of retrovieal vectors that have besn
used in clintos! trials Dunber e of, Blood 83:3048-305 (1985); Kohn ef of, Mo,
Med, 1:1017-102 {1995); Malech of ol PNAT 9432 12133-12138 {19973
PAINTHLASN was the fivst therapeutic vector used in 2 gene therapy trisl. (Blasse o
al., Science 2700473-480 (1993)). Transduction efficiencies of 503 or greaier have
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been oheerved for MFG-8 packaged veciors, (Bllem ef al., Imenmol Immumother.
4401 310-20 (1997); Dranoff of o, Fhum, Gene Ther, 1:111-2 {1997},

231 Recombinant adenc-associated virus vectors (fAAV) are promising
alternative geos delivery systems based on the defective and nonpathopende
parvovirs adeno-associated type 2 virgs, All vestors are derived from a plasmid thet
retaing only the AAY 143 bp Inverted terminal repeats flanking the transgene
expression casseite. Efficient geus transfor and stable tansgene delivery dus o
integration into the genomes of the trensduced cell are key fostures for this vector
system. (Wagner ef ol, Lomcet 3518117 17023 (1998}, Keams ef ol, Gene Ther,
9:748-55 (1996)). Uther AAY serotypes, including by non-limiting exampls, ALV,
AAVE, AAVE AAVE AAVE AAVE AAV 8.2, AAVY, and AAV thi0 and
peeudotyped AAVY such s AAVIE, AAVES and AAVE/6 can also be used,

{4233} AAY may be mermfsctured at 2 clinical scale by  munber of difforent
processss.  Bxarnples of systems that can be used include {1) plasmid DNA
fransfection in mammelian cells, (2) Ad infoction of stable mammnalisn cell lines, (1)
infection of memenalisn cells with recombinent herpes simplex virmses (FHSVs), and
{4} infection of insect cells (69 cells) with recombinent baculoviruses {sce Pensud-
Budloo e of. (2018} Mol Ther Methods Clin Deyv, 8: 166-180 for 8 review).

6233 Replicstion-deficient recombinant adenoviral vectors {Ad) coan be
produced af high titer and readily tnfect 8 nuber of different cell types. Most
adenovires veclors ars engineered such thet o trensgene replaces the Ad Bla, Bib,
andfor B3 genes; subseguently the replication defsctive vector is propsgeted in humsn
253 cells that mupply deleted gene function in pans. Ad veslons can fransduce
wultiple types of tasues in vive, tncluding non-dividing, differentisted colls such sz
those found in liver, kidooy and nmecle. Conventional Ad veotors have 8 large
earrying capacity. Axn exsrople of the use of an Ad vector in s olindeal trial involved
polymacleotide therapy for anti-tumor bnmunization with intrassosoular injection
{Stermean of al, Hum, Gene Ther. T:1083-9 (1598)). Additions] sxsmples of the use
of adenovirus vectors r gens transfer in clindeal trials include Rosenecker et gf,
Infection 341 5-10 {1996}, Stermen of ol, Flem, Gene Ther, 9.7 1083-1089 {1998,
Walsh o2 al, Fum. Gene Ther, :205-18 {1985 Alveres ef ol, Hum. Gene Ther.
5597613 (1997, Topf et ¢l, Gene Ther, 5:5307-513 (1098); Stermaun e ol Hum,
{rene Ther, T:1083-108% (1998),
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B34} Packsging vells are used to form virus particles that are capable of
infecting & host cell. Such cells inclads 293 cells, which package sdenovirus, and ¢2
ceils or PAILY oolls, which packege retrovirus. Vival veotors used in gene therspy are
usually genersted by a producer cell line that packsges & nuclelc acid vestor into &
virsl particle. The vectors typically contain the minimal viral sequences required for
packaging and subseguent integration into 8 host {if applicable), other vivel sequences
being replaced by an exprossion casssite encoding the protein o be sxpressed. The
misging virsl functions ave supplisd in frass by the packaging cell Hne. For example,
AAV vectors used in gene therapy typloslly only possess inverted terminal repeat
{TTR} seguences from the AAY ponome which ars reguired for packaging and
integration into the host genome. Vival DINA s packaged in 8 cell ling, which
contadns s helper plasmid encoding the other AAY penes, namely rep and cap, but
{acking TR sequences. The cell line is alzo infooted with adenovirus as g helper. The
helper vivus prosootes replication of the AAV vector snd expression of AAVY genes
from the helper plosmid. The helper plosmid is not packaged in significant amounts
dus to o lack of TTR seguences, Contamination with adenovirus can be reduced by,
£.8., hest trenfment to which sdenovirns is more sensitive than AAV.

[B238] In many gene therapy applicstions, it is desirsble that the geve therapy
vector be delivered with o high degree of specificily v & partioular tissue type.
Accerdingly, & viral vector can be modified to have specificity for 2 given cell type by
gxpressing & Hgand ss o fosion proteln with & viral cost protein on the outer swrfioe of
the virus, The Hgand s chosen to have affinity for a receptor known 0 be present on
the cell type of interest, For example, Han of o, Proc. Natl dead 5o, US4 83:9747-
YIS (1998, reported that Moloney murine lepkemids virus can be modified to sxpress
homan heregulin fised to gp70, and the recorvhinant virus infects cortain human
breast cancer cells exprossing hwnan epidenmal growth fector receptor. This principle
can be extended to other virns-target coll pairs, in which the taeget ooll sxpresses a
recepior and the virus sxpresses & fuston proteln comprising & Hgend for the cell
surface receplor. For exsmple, flsmentous phage can be sogineered to display
autibody fagments {e.g., FAB or Py} having specific binding afnity for virually any
chosen cellular receptor.  Although the sbove desoription spplies primarily to viral
vactors, the same principles can be gppled to nonviral vectors. Such vectors can be
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enginesred to contain specific uptake sequences which favor uptake by specific target
cells.

236} {iene therspy veotors can be delivered im vive by administration to an
individual patient, typically by systemic sdministration (e g., infravencus,
intraperitones], intramuscular, subdermal, or intracranial infusion) or topical.
application, a8 dencribed below, Alternstively, veotors can be delivered to calls ox
vive, such ez cells explanted Bom an individual patient (e.g., Iymphooytes, bone
marrow aspirates, tissue biopsy) or oniversal donor hematopedetic stam oslls,
followed by refmplantation of the cells into & patient, usually after selection for cells
which bave lncorporsted the veclor

1% 4! Yeotors (2.5, refroviruses, adenoviruses, Hposomes, ste.) containing
nucleases andfor donor constructs {expression constructs) can alse be adminizterad
directly to an organism for transduction of cells in vive. Alleratively, naked DNA
cen be sdministerad, Administration is by any of the routes normally need for
introducing 2 moleculs into ylthmate contact with blood or tssue cells inclnding, bt
net linited to, injection, infusion, topicsl applicstion and electroporstion. Suitable
methods of administering such mucleto acids are availsble and well known 1o those of
gkill in the art, and, although more than one route can be used to administer 8
particulsr composition, 8 particular route cen often provide g more immediste and
more effective resction than another soute,

18238 Yectors suiteble for lntroduction of polvnucleotides deseribed herein
inchude non-integrating lentiviras vectors (IRLY). See, for example, Ory ef al. (1596
Froc. Natl dead, Svf, USA 93:11382-11388; Dull of ol (19983 7 Virol T3:8463-
8471; Zuffery o1 of (1998} J Virel T2:9873-9880; Follenzi or ol (2000) Nanwe
Genetics 28:317-222.

LRk Pharmaceutically acceptable carriers wre determined in part by the
particular composition being sdministered, a8 well as by the particular method used to
administer the composition. Accordingly, there is 5 wide variety of suitable
formulations of pharmacentics] compositions available, as described below {see, e.p,
Remingion s Pharmacewsion] Sciences, 1Th ed,, 198%),

8248} ¥t will be spperent thet the mulesse-encoding sequences and donor
eonstructs can be delivered using the same or diffevent systems. For example, » doner

polymuclestide can be cerried by a plosmid, while the one or more nuclesses can be

&3



[44]

13

25

30

WO 2020/142752 PCT/US2020/012274

carried by an AAV vector. Furthermore, the different vectors con be administerad by
the seme or different routes (oramusculer Injection, tail veln injection, other
intravenous injection, intraperitonssl sdministration andfor intramousonlar ingection,
The veotors can be deliversd simultsneousty or in sny sequential order,
{8241} Formulations for hoth ex vive and in vive sdministrations includs
suspensions io Bould or emulsified Houids. The sotive ingredients often are mixed
with excipients which are pharmacentivally scoeptsble and compatible with the active
ingredient. Suitsble excipdents include, for example, water, saling, dextrose, glyoerol,
gthanol or the Hke, and combinations thereof, In sddition, the composition may
contain minor amounts of suxiliary sobstances, such as, weiting or emulsifiing
sgents, pH buffering sgents, stebilizing apents or other reagents that enhanoe the
effectivencss of the pharmeseution] composition.

Applicetions
IB2421 Ths methods disclosed herein contemplate the trestment andfor
prevention of Febry disesse {e.g. Iysosomal storage disesse). Treatment can comprise
ingertion of the corrective disease associated GLA tansgens in safe harbor locus {e.g.
alburnin) in a cell for expression of the needed enzyme and relesse info the Blood
siream. The corrective a-GalA encoding transgens mey encode a wild typs or
modified protein; and/or mey comprise a codon optimized GLA transgens: and/or s
renspens in which epltopes may be ramoved without functionslly sltering the protein.
In some casee, the methods comprise insertion of an eplsome exprossing the ¢-GalA
encoding transgene tnto & cell for expression of the needed enzyme and relesse into
the blood stresm. Insertion into a secrstory cell, such s s Hver cell for reloase of the
produst into the blood stroam, is pertoularly usefl. The methods and compositions
siso oan be ueed in any circumstance whersin it is desirad w supply @ GLA transgene
encoding one or more therapeatios in 2 hematopoletc stem ool such that mature cells
{e.g., RBCq) devived from {descended from) these cells contain the therapentic o-
GalA protein, These stem cells can be diffrentisted in vitro o i vive and may be
derived from a universal donor typs of cell which can be used for all patients.
Additionally, the cells may contain & transmenibrans protein fo traffic the cells in the
body. Treatment can alze comprise use of petient cells conteining the therspeutic
transgene where the cells are developed ex vive and then introduced back into the
patient. For example, HEC containing a suitable o-GslA encoding transgene may be
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ingerted i & petient vie o boue merrow transpisnt, Altemnatively, stem colle such as
mmecles stem cells or iIPSC which have been edited using with the o-GalA encoding
transgene mavbe slso injected o muscle tissus,

[p243] Thus, this technology may be of use In 8 condition where a patient iz
deficient in some protein dus to problems {e.g., problems in sxpression fevel or
problems with the protetn expressed a3 sub- or non-functoning). Particularly veefid iz
the expression of transgenes to correct or restore functionslity in subjects with Fahry
disease.

[B244] By way of non-limiting sxamples, different methods of production of 2
fanctional a~Gal A protein o replsce the defective or mizsing a-Gal A protein s
sccomplished and used to treat Fabry disease, Nuclsic acid donors encoding the
proteins may be inserted into a safe hashor locuws {e.g. albumin or HPRT) and
expreszed either using an sxogenous prowoeter or using the promoter present st the
safe harbor. Especially usefil s the ingertion of 8 GLA travsgene in an albumin locus
in & Hver cell, where the GLA trensgene fiwther comprises sequences sncoding &
signal peptide that medistes the secrction of the expressed o-Gal & protein fom the
Hver cell info the blood stream. Alternstively, donors can be used {0 correct the
defective gene in sitn. The desired o-0alA encoding transgene may be fnserted Into @
Ch34+ stom ¢sll and returned o 8 patient during & bone marrow teansplant. Finally,
the muclele acid donor mayvbe be inserted into 8 CDA4+ gtom cell 8t & beta globin
lovus such that the meture red blood coll derived from this cell has a high
soncenivation of the biclogic encoded by the nucleic scid donor. The biclogie-
containing RBC can then be targeted to the corrsct Hssue vis ransmembrane proteing
{e.g. receptor or sntibody). Additionally, the RBUs may be sensitized ex vive vig
slechrosensitization fo meke them more susceptible to disruption Sllowing exposurs
o a0 energy soures {sse WORNOGGTTEEL

{345 In sorne spplications, sn endogenous gene may be knocked out by use
of methods snd compositions described hevein, Bxamples of this aspect include
knocking out an sherrant gone regulator or an sberrant dissase associated gene. In
some applications, an sberrant endogenous gene may be replaced, cither functonally
or In sits, with & wild type version of the gene. The inserted gene may slso be altered
o inaprove the sxpression of the therspeutio o-GalA protein or o reduce its
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immunogenicity. In some spplications, the inserted 0-Gala encoding transgens is a
fusion protein to Increase its trensport info a selected tssus such as the besin,

iB348] i will be apprecisted that suitsble GLA donors are not Hmited o the
ones sxemplified below but include any GLA transgens,

8247 The disclosurs also supplies methods and compositions for the
production of s cell {e.g.. BBC) carrving an o-Gald therapeutic protein for restment
of Fabry discase that can be used universelly for all patients as an sllogenic produet,
This allows for the development of @ single product for the treatmens of patients with
Fgbry dissase, for example. Thess carriers may comprise trans-membrane proteins to
assigt in the traficking of the cell. In one aspect, the trans-menmbrane protein
comprises an antibody, while in others, the rans-membrane protein comprises a
renepiorn.

[0248] in some smbodiments, the (LA transgene donor {s transfectad or
transducsd into & cell for episomal or extra-chromosomal maintenance of the
transgene. I some aspects, the GLA transgene donor is maintained on 2 vector
somprising regulatory domaing to regulate expression of the transgene doner, In
some instances, the regulstory domaing o regulate transgens expression are the
domsins endogenous 0 the transgene being expressed while in other instances, the
regulatory domaing sre heterologous 1o the rensgene. In some embodiments, the
LA transgene is maintained on s vival vector, while in others, it fs meintained on g
plasmid or mind cirele. Tu some embodiments, the virs! vector in sm AAV, Ador LY.
In further aspects, the vector comprising the transgene donor is deliverad o a suitzhle
target cell i vivo, such that the o-GalA therspeutic protein encoded by the transgens
donor is relensed into the blood streem when the transgene donor vector is delivered
1o 8 hepatooyte.

18248} In ancther embodiment, the disclovure describes precorsor colls
(muscle stem colls, progenttor cells or CI34+ hematopoletic stem cell (HEPC) cells
into which the GLA transgene has been inserted such thet mature cells derived from
ibese precursors contain high levels of the o-(ialA product encoded by the transgene.
In some smbodiments, thess precursors are induced pluripotent stern cells (IPSC).
AT In some embodiments, the methods may be used in vive in fransgenic
snimal systome. In soene aspects, the transgenic snimal may be used in model
development whers the transgene enoodes 2 human o-Gald protein. In some
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instances, the traosgenic andmal may be koocked out st the corresponding endogenous
locus, allowing the development of an in vive systom where the humss protein may
be studied in isolation. Such transgenic models reay be used for screening purposes o
identify small molecules, or large biomelecules or other entities which reay interact
with or modify the hurman protein of intersst, In some aspects, the GLA transgens is
integrated into the selected locus {e.g., highly eupressed or safe-harbor) inlo 2 stem
el {e.g.. an embryonic stem coll, an induced pluripotent stem cell, ¢ hepatic stem
cell, a newwal stem cell ote.} or non-human snimal embryo obtained by soy of the
methods described hersin and those standard in the st and then the embryo is
implented such thet a live animsl is born. The animal is then ralzed to sexual maturity
and allowed to produce offSpring wherein at least some of the offzpring comprise the
integrated GLA transgene.

82813 o any of the previous embodiments, the methods and compounds may
be combined with other therapeutic agents for the treatment of subjests with Fabry
disease, In some embodiments, the methods and compositions include the use of s
molecular chaperone (Hartl et of (3011 Noture 485; 324-332) to tnsure the conrect
folding of the Fabey protein. In some aspects, the chaperone can be chosen from well-
known chaperone proteins such as AT1001 (Bendamin ef of (2012) Mol Ther
2004n717-728), AT2220 (Khavea o of (2014} PLof ONE 5{7y: 2102082,

del 10,1371}, and Migelnstat (Benjamin of af (2016} Genet Med doi:
10.1038/gim.2016.122). In some aspoots, the methods and compositions sre used in
eormbingtion with methods and compesitions to allow passage soross the blood brain
barrier, I other agpects, the methods and compositions are wsed in combination with
sompounds known to suppress the immune response of the subject.

ja282] A kit, comprising a nuclesse system and/or 8 GLA donor as described
herein is alze provided, The kit may cormprise nuclelo zoids encoding the oue or more
ruclesses {ZPNg, ZFN pairs, TALENs, TALEN pairs snd/or CRISPR/Cas gystem),
{fe.g. RNA molecules or the ZFN, TALEN, snd/or CRISPR/Cas system encoding
genes contained in s suitsble expression vestor), donor molecules, expression vectors
encoding the single-guide RNA suitable host cell lines, instroctions for performing the
methods disclosed hersin, and the like.

I82583] These and other sepects will be readily apparent to the shilled srtisan in

Hght of the disclosurs a8 5 whole,
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{8354} Unless otherwise defined hereln, scientific and technicsl torms used in
sonnection with the present disclosure shall have the meanings thet are eowmonly
understood by those of ordinary skill in the art. Exemplary methods and materials are
deseribed below, although methods and materials stmilar or eguivalent 1o those
described hersin can also be used in the practice or testing of the present disclogure.
inn case of conflcl, the present specification, including definitions, will comtrol.
CGenerally, nomenclature used in connection with, and fechniques of, cardiology,
medicine, mediclual and pharmaeceutics] chemistry, and csll bology desaribed hersin
are those well-known and commonly used in the art. Enzymatic reactions and
purification techrigues sre performed scoording to manufacturer’s specifications, as
commonly scoomplished in the art or as described hevein, Further, vnless otherwise
reguired by context, singular terms shall include pluralities and phaal terms shall
include the singular. Throughout this specification and embodiments, the words
“have” and “covnprise,” or varistions soch as “has,” “having,” “comprises,” or
“cornprising.” will be understood to jmply the inclusion of & siated integer or group of
integers but not the exclusion of suy other integer or growp of integers, A6
publications and other references mentioned hereln are invorporated by referenve in
their entivety. Although s mumber of documents sre cited heveln, this citation doss not
comstitule an admission that any of these documents forms part of the common
generaf knowledge in the art. As used horein, the term “spproximately” or “shont® as
applisd t© one or more values of interest refers to 2 value that is similer to 8 stated
reference value, In certain embodiments, the term refers to & range of values thet fall
within 10%, 9%, 8%, 7%, 6%, 5%, 4%, 396, 2%, 196, or less in either direction
{greater thay or lees than) of the stated reference value unless otherwise stated o
otherwise svident from the context,

288 To order that this invention may be better undersiood, the following
examples are set forth, These examnples are for purposes of Hhusteation only and sre

not {0 be consirued as Hmiting the scope of the fovention in any menner.
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Ezample §
High plasma a-Gel 4 setivity in GLAKD mice treated with veriant i
gxpression construct, susisined for 3 months

[B256] Samples of veriant #4 cxpression construct, as shown in FIG. 14, were
acdministered to male GLAKO mice to evaluate the phanmasodynemic activity and
biodistribution following a single IV dose.
(38T CGLAKC male mice were 8-12 weeks old at study initistion, The
andrnats (o=10-20 meles/group) received formulation buffer comprising phosphate
butfered saline (FRS) containing CaCl2, MpCl2, Nalll, Sucross and Kolliphor
{Poloxamer) P 188 {control mice) or one of three dose levels of variant #4 expression
vector (2.08+12, 5.0B+12, or 5.08+13 vg'kg, respectively; v=10/group) as a single
200 ul IV tail administration on Day 1. The mice were monitored for 3 months, The
resulis of the phanmasokinetic evalustions {plesme o-Gal A activity) ars presented in
FIG. 2 for the fndividusl mice and the group sversges (mean + 8D) are pressnted in
Figs. 3. As shown, plamne 0-Gsl A sotivity scaled with AAV/construct dose. In
addition, plasma o-Gal A sctivity reached over 300-fold that of the physiclogical
normal or -Cal A sctivity in & wild type (non-muteted) sublect. (The * In FIGL 3
indicates thet one cutlier was removed due to overperformance).
ks Cine-time administration of increasing smourds of AAV hGLA cDNA
tacking the WPRE {(variant #4) was made uaing a olinicsl sesle manufacturing mocess
anid resulted in supraphysiclogical expression of plasma o-GalA (over 300-fold of
WT) by study day 15, was well tolerated, and was stable for 3 months post-dnjection.
Dose-dependent increases in a-Uald activities wers schieved in Hver, heart and
kidney with 8 conrssponding reduction of Gb3/lyeo-Gb3,
359 Liver-produced ¢-Gal A was scoreted into the bloodstrenm and teken
up by secondary tissue. FIG. 4A shows dssue o-Gal A sctivity in Hver Tysates, FIG.
48 shows tissue o-Gul A sotivity in kidney lysates. FIG. 4C shows temue oGal A
activity in hesrt lysales.
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Exsmple 2
High levels of o-0al A aothvity results in & corresponding decresse of
Fabry substraies

0260 Variant %4 sonstruet formulation wes administered IV o GLAXKD
mice at doses of § vk, 208412 ve'ke, 5.08+12 vy or 5.0B+13 vglkg to evalusie
the level of Fabry subsirates in mouse plasms and Yesue. Tissues were harvested at
necropsy on Day 91 postdosing and sssayved for levels of o-0al A substrate Ghb3
{isoforms C22:0 and C24:0) and its deacylated form lyso-0h3 using LO-MS, Briefly,
tissues wers weighed and mechanically disrupted in tissue destruction fluid (3%
MeCH, 23% water and 0.1% sscetic soid) o a ratio of Sm! fuid per mg of tissue. 10
31! of plasron or tieme shurry were then added to 90 ul of precipiistion solvent (MeOH
with bsternal slandsrd N-Tricosanoyl corsmide tribexoside (C23:0, Matrove) spiked
into sohetion) in e siliconized tube, vortexed and placed on & shaking plate af room
temp for 30 minutes. Sarples were then centrifuged and 10p! of sample added 1o 90
il of single blank matvix (BMSOMeOH 151 + 0.1% FA) in glass LO-MS vigl
Semples were analyzed for Gb3 chain length 24:0, the predominan Gb3 species
present in GLAKC mice and measured againgt a standard qurve sorposed of
ceramdde trihexoside (Gb3, Mateeya).
281} {iobotriaceyisphingosine (yso-0b3) was messured in & similar
manner vsing Glucosylsphingosine (Malbreys) as the interns! stendard and lyso-
Ceramnide trikexoside (veo-Gb3, Matreya) to creste the standsrd curve, Dats represent
mean + 50 of 9 to 20 androale/group as indicated in the legend. Fabry subsirste
globotriscsyloeramids (Gb3) was measured in selected murine plssma and Hesues via
SES IPRCITOIMELy.
282} The constant production of o-Gal A should enable reduction and
potentisily clesrance of Fabry disesse substrates, (b3 and Iveo-Gb3, A dose-related
decrease in the levels of Fabry subsirste Gb3 and lyso-Gb3 was found in plasms,
Bver, heart, kidney and spleen, s shown in FIG, 5A and FIG. 5B, Most samples of
animals in the high doss group had Yemue (b3 lovels reduced by 80% or move,
compared o the samples of animals in the rmulation control group, 38 shown in
FIG. 3B,
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D263 At the high dose lovel, Gb3 levels in the heart and kidney wers reduced
o about 10% of untreated animals, ss shown in FIG, 8A. In the treated subjects, Gb3

levels were below the lower level of quentitation, as shown in FIG. 8B,

Frxample 3
YVartant #21 sxpression vector produces plasma a-Gal A sctivity i vitre 2nd in
vivo
[ri64] The levels and activity of secreted human o-Gal A were evaluaied in

various mouss, cynomolgos monkey and human primery cells and cell lines after
transduction with variant #4 or variant #21 expression vectors. variant #4 or variant
#21 expression veotors were produced in 1) HEK293 cells or 2) 8 8 insect coll Bne,
{268 HepG2 cells and iPEC-derived hepatooyies (iCell hepatooyies) were
trensduced using standard {echniques and a3 desoribed in UL5. Publication Me.
20180117181, Briefly, colls wors seaded at various densities per well and transduced
with smultiplicities of infection (MO} ranging from 100,000 to 600,000 vg/oel] of
variant §21 expression construet or variant %4 expression construct, Supernstant
sarnples wers colleoted Day 3 o Day 7 and a-Cal A enzymaetic activity was sssessed
by a-Gial A fluorometric activity assay and in cell pellets collected at the end of the
study (Day 8or 7).

D26a! The cDINA approach can include the use of an ALY delivered
expression copstruct comprising an APOE enhancer linked to the hAAT promoter
{Okuyams ef af (1996) Hum Gene Ther T(51:637-45), HEB-IG{ intron (s chimeric
intron composed of the 3 -donor site from the first intron of the human beta-globin
gene and the branch and 3 -scoeptor site from the lntvos of an bmunoglobulin gene
heavy chain varisble region), a signal peptide, 8 coding sequence {wherein the coding
seguence is optionally codon optindzed) and & bovine growth hormone ez, BOH or
SPAST) poly A signal sequence.

HE26T] HepGR/O3A cells (slso reforred to a8 “Hep2” colls) {ATCC, CRL
10741} were maintained in Minhoon Besential Medivm (MEM) with Barle's Sslis
and L ghutarsine (Corning,} with 109 Fetal Bovine Serum (FBS) (Life Techonlogies)
and 1X Pendoillin Streplomyein Glutarsine (Life Technologies) and lncubated w 37 °C
anud 5% 02, Cells were passaged every 3 1o 4 days.
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[B268] For transduction, cells were rinsed and irypsinized with 0.25%
Trypein/2.21 mM BDTA (Corning) and re suspended in growth medis. A smsl]
atiquot was mixed 117 with trypen bue solution 0.4% (w/iv) in phosphate boffared
saline (PES; Coming) snd counted on the TC20 Awtomated Cell Counter {Bio Rad).
The cells were re suspended ot & density of 2¢8 per mL in growth medis and seeded
into a 24 well plate {Corning} at 18 in 0.5 ml media per well, Recombinant
AANV/6 particles wers mized at the appropriate multiplicity of infection (MOT) with
growth media snd added 1o the oslls, The MO for the GLA ¢DNA constructs was
gither 3ed, 165, Je5 or 1of vefoall

1B2691 Following transduction, cells were left in culture for 610 days.
Supernatent was collected on Daye 3, 5, 7 and 10 (where appliceble) and replaced
with fresh medis. After the Gnal supernutant collection step, cells were tryvpsinized
and resuspended as described above, then centrifiged to create 8 cofl pollet, washed
with PBE, and stored at -R0C,

HiEwEi a-uld activity was sesessed in a fnorometric sssay using the
synthetic substrate 4-methylumbellifervi-a-D-galactopyranoside (4MU-g-Gal,
Sigma),

[R2TE] Briefly, 10 microliters of Hep(2 cell culture supernatant were mixed

with 40 il of § M 48U-e-Gal dissolved in phosphate buffer (0.1 M citrate/02 M
phosphate boffer, pH 4.6, 19 Triton X-100}. Reactions were incubated at 37 *C and
terminated by addition of 100 pl of 0.5 M glycine buffer, pH 103, The relesse of 4
methyluombelliferons (4 MU) was determined by measurement of fluorescence
{Ex365/Em430) using a Spectrabax Jemini X8 fluorescent reader (Molscular
Dievices, Bumnyvale CAL

Ly A standard curve was generated using sorisl 2 fold dilutions of 4 ML
The resulting dats were fitted with 2 log log curve; concentration of 4 M7 in teat
sumples was celonisted using this best fit curve. Enzymatic activity is expressed as
wnel 4 MU velessed per hour of sreay incubstion tims, per mL of cell culturs
supernetant (moolhr/ml).

{273} Tuming to FIG. 7TA and PIG. 78, varlant #21 expression construct has
improved o-Gal A polency over AAY GLA variant #4 expression vector in vitre. In
Hep(2 cells, o-Gal A activity in supematant was incressed by between shout 4-fold
o sbout 8-fold, as presented in FIG. 7A. In iPSC-derived human hepstocytes, activity
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in supernatant was incroased by between showt 3-fold to abowt 5-fold, a3 presented in
FI1G, 78,

18274} Bpisomal AAY (serolype 3/6) veotors encoding buunan GLA cDNA
(hGLA} driven by s Hyver-specific promoter lacking (variant #4) or including 8
mated WPRE sequence {variant #21) were administered to the animals st varying
doses. FIG. 8 shows an inorease in GLA A sotivity with an increase in construct dose
in the plasma of wild type mice treated with variant #21 constricts ot a dose of
2.05+12 vgfkg or SB+11 vy or varlant #4 conatructs at 2 dose of 208412 vglkg or
SB+11 ve/kp or Formulation Buffer. The resulis indionte an Inprovement in plasma
aetivity in wild type mice of between about 7-fold o sbout 9-fold over 28 days,
BETE] Expression constroct veriant #4 was compared fo the ¢DNA constimet
including the WPRE sequence (varlant #21) in 2 L-month study using two different
AAY doses (AAY carrving the cDNA donor) o wild typs CSTBL/S mice, Table |
avove shows the complete sequence of the construct used. The constract comprising
a cDNA with a WPRE sequence produced on average 7-fold higher lovels of plasma
a-Ciald activity af study day 28 than mice administersd the smue dose of the initial
{non-WPRE conlaining) ¢DINA.

278} A 4~ to Sfold increase in GLA sctivity in the supernatant of treated
Hep(32 cells was seon using the variant #21 {WPRE including construct) as compared
fo variant #4 (pot including WPRE) and 2 3- to 5-fold increase in GLA activity in the
supsmatant of hepstocytes derived fom induced pluripotent oells (10118} was seen
using the variant #3231 (WPRE including construct) as compered to variant #4 {not
including WPRE). In addition, 8 7- to 9-fold increase in plagma GLA activity was
seen in mios weated with varlant #21 (WRPE including construct) as compared o
variant #4 (not inchuding WREPE)L

{8277} The high levels of o-Oal A sctivity seen in these studies, slong with the
concpmnitant marked reduction i the accumulated Gb3/Iveo-0b3 in key Hesnes of the
GLAKQG mouse model, demonstrate thet AAV-medisted targeting of hepaiooytes
resylts in therapeutic levels of human o-Cald in subjects, including vis clinics] scale
menufschwing processes which allow for the rapid and sfficient production of the
therspeutic vectors,
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{B78] Therspeutic lovels of u-Cal A protein for treatment of Fabry are
penerated in vive using & oDINA spprosch, Including following clinical scale
production of the expression vector,

27 The results presented in FIG. 9 and Table 3 below demonstrate that
varignt #21 expression construct produces plaame o-Gal A activity up to 1,500z of
physiclogical normal (wi) in vive, Varlant #4 expression consiruct wes administered
by tail vein injection to C37BL/G mice at 5.0B+12 and 5.08+13 veg'kg, Varisnt #21
exprassion construct was administered by tail veln injection to CSTBLSS mice st
508412, S.0B+13 and 5.08+14 {not shown}, Plasma samples were collected one
woek prior o dosing and on Days 8, 15, 22, and 29, and later evaluated for o-0sl A&
enzymatic aotivity by Suorometric assay. Data points represent mean response /4 80
per doss. The assay lower limit of guantitation {LLOG) is 2.5 nmolfw/miL.

Table 3. Plasma u-Cal A sctivity st day 29
‘ Gmup (=4er8) | Plasma o

Plasme o-Osl A activity st day | Fold higher than normal

- Yarlant #4 expres

gomsmct SERI3 vk 4257

¢ Untreated s L R I

63801 FIG. © illusirates o-Gel A plasms activity in C57BL/6 mice over 29

days after being treated with sither variant #21 constructs at a dose of 5.08+13 vg'ks,
varignt #21 constructs ot a dose of 5.05+12 ve'kg, variant #4 constructs ot 2 dose of
508413 ve'kp, variont #4 constructs st a dose of 5.0B+12 vg'ke, or Formulation
Bufler.

{8281} Consistent with in virre dals, plasme and liver GLA levels were higher
in animals administored variant #4 expression construct manufactured in HEXZ93 ool
versus 559 cell evatem (up to 21-fold higher),

Exnmple 4

Treatment with variant #4 expression vector led ¢o high levels of hepatocyie
transduction In GLAKD wice and nov-human primstes

f8282] To evaluaie levels of expression consiruet coples in hepatooyies
following IV admindstration of variant #4 expression construet, formalin-fixed
paraffin-embedded (FFPE) Hver samples from g subset of animals were evalusted by
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BASESCOPE™ iy sity hybridization (ISH). Following ISH staining, quantitative
image analysls was performed with HALO™ software. Non-coding sequences were
targeted. A housekesping gene probe, PPIB (Cyclophitin BY was used 83 a positive
sonirol marker for sample QC and to ovaluate RNA guality in the tissue samples. The
bacterial gene DapB was used 83 8 negative control, Semi-guantitative scores (scale of
-4} were obtained for all samples to assess sample guality and to determine QU
pass/fail. PPIB {cyclophilin B; housckeoping gene control) seores were predominantly
3 for the samples indiceting good guality RNA. DepB (bacterial gene control} scores
were mostly 0, indicating no or negligible non-specific background. Specific DA
staining signal is identified as dark (red), punciate dots in the cell nucleus. Sauples
were counterstained with Gill's Hematoxylin, shown as Hght gray (bhue color).

(283} Representative ISH tmeges of liver from of a GLAKO mouse
sdministered 5.0+13 vgfkg variant #4 expression vector at various magnificetions are
presented in FIG. 10, Represontative images of ISH staining in Uver of a WHP
sdministered 6.0+13 vg'kg veriant #4 expression vector at various magnifications are
presented in FIG. 11, Specific DNA steining signal s identified as dark gray, punciste
dots in the cell nucleus. Samples were comntersiained with Gill's Hematoxyin Hght
gray. As shown, 37.5% of the mouse hepatooyte cells were positive for the expression
vector, with 2.34 dots/cell, snd an H-scors of 126.82 in the representative sample in
FIG. 10, Impressively, 72.9% of the NHFP hepatocyie colls were positive for the
sxpression construct, with 3.20 dots/cell, and an Hescore of 175,39 inthe
veprosentative sample in FIG, 11,

[8284] Overall, s dose-response relationship in mouvse lver cells was observed

for sll peramelers sssessed including % positive cells, mean nurabey of dotw/vell and

H-zeore, For determination of Hezcors, oells were divided info 3§ bins based on the
mnber of dots per coll, and then caleulated by toisling the percentage of cells in sach
bin, according to 8 weighted formuds.

[0285] The pereest of GLAKO mouse hepatooyies containing hGLA cDNA in
GLAKO mioe trented with varignt #4 constructs st doses of 2B+13 v/kg, SE+12
ve'kg, SE+13 vg'ky, or Formulstion bolfer 23 2 control is shown in FIG. 124, The
percent of hepatooytes containing hGLA ¢DNA in individuad subjects is presented in
FI3, 120, Similarly, FIG. 128 i3 g graph Slustrating the peroent of hepatocyies

contgining BGLA ¢DINA in oynomolgus WHPs trested with varignt #4 constracts st
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doses of 6H+12 vp/kg, 1B+13 vefkg, 3E+13 velkg, 6B+13 vigks or Formulation
buffer 85 a control. FIG, 1213 shows the pevcent of hepatocyies containing hGLA
clINA for individusl NHP subjects.

HE286] In sity bhybridization studies messuring levels of hGLA DNA construct
in the liver showed & dose-response relationshdp In mouse and NHP hepatocytes and
confirmed tranafer of DNA 0 the nuclel. The high dose (5.08+13 vg/kg) in the mouse
vielded & range of 28% 1o 58% positive staining cells, snd the high dose (6.0E+13
vy, with immmunosoppression) in the NHP study vielded & range of 61% 10 73%
positive steining cells, Another NHP (without immunosuppression) vielded 49%

positive staining cslls.

Example §
g-Gal A protein snd enzyme sctivity in cynomolgns NHPs after one-time

intra venous administration of varlant #4 expression construct

[B3871 Yariant #4 expression construct was evaluated in NHPs for
pharmacology and toxicology. A single IV dose of variant 44 expression construct
was administered ot § (n=3), G.0B+12, LOE+IZ, 3.08+13 or 6.08+13 vg'ky to male
cynomolgus monkeys {n=3/group). To mitigete possible irmge reeponse to the
sxpression vector snd/or bursen a-Csl A, animals received ritunimab (10 mgke TV)
prios i expression constroct administration and methylprednisolone (10 mpkg;
intramusculer) daily theoughout the stody. An additions! group received varisnt #4
sxpression constmct ad the highest dose (5.08+13 va/ky) but no immunosuppression
sdministration. The variant #4 expression construct used was manufactured in 2 GMP
clinics! manufeeturing process ueing baculovires/SH0 cell platform,

288} Blood was collected pre-dosing (5 timepoints), and on Days 7, 14, 21,
28, 35, 42, 49, end 56 and processed o plasme. These plasma samples were assessed
for humen o-Gal A protein lovels snd -Gl A activity. At necropsy on Day 56, 4
segments of the Hver (2 segments sach of the left and right laters] lobes) and 2
segments of the splesn wors collected for sssessing o-Cal A aotivity, Results are
shown in FIG, 134 dwongh FIG. 13K

IpIRe: Circulating o-Gal A proteln levels and plawms o-Gal A activity were
generally detected by Day 7, with protein levels and activity peaking betwoeen Days 7
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snd 21, and no clear dose response, Animals administered variant #4 expression
construct withoot nmunosuppression generally bad lower levels of o-Gal A protein
and activity then animels sdministered variant #4 expression construct with
Immmwnosuppression. This lack of sivong dose response and clewrance of e-Cal A
activity and protein levels is consistent with an emerging inumune response against
humen o-Cal A (s human protein sdministered o an animal) ag confirmed by the
presence of antl- humen o-0al & aotibodiss. Despite the reduced levels of human o-
CGal A, some animals sustained high levels of humsn ¢-Gal A (activity and protein). In
one high doss animel {(8.08+13 IS}, levels of 193 nmol/hr/ml. wers mesmwed on Day
36 while levels in vehicle trested snimals were undetoctable (<10 mmolhrfmi). The
transient nature of this response In some snimale was likely related to an expecied
ireune response o the human a-Csl A enzyme (uonan protein administered to an
smimal},

{62581 in addition, samples for vector shedding aualysis were evaluated by 2
gPCR method in the NHP study, Low levels of BGLA vector were measured in the
salive, urine and feoss of some variant $4-treated animsls up 1o Day 4 (urine) or Day
14 (saliva, feces). At Day 60, no hGLA vector levels were detected in these biologiesl
Brdds,

Exumple &
BGLA snd correspondlng mBENA levels in NEP Hver

(8281} Western blot anslysis of BGLA and comesponding mENA levels in
MHP Hver sarnples from individual animale was performed at day 80 afler treatment
with variant #4 consiruets at doses of 8.08+12 vy'kp, 1LOE+13 veke, 3.08+13 va'ke,
6.08+13 vk, 6.08+13 ve'ky without immunosuppressants, or Formulation buffer.
Ag shown in FIG. 14, BOLA protein lovels increase with constroct dose and protein
levels correlated with RNA levels in most samples.

Fzample ¥
Assensmnent of the ssfety, tolershility and pharmacodynamics of
variant #21 expression construct in humans

18292 A stady will be performed to gssesy the safety and tolevability of the
variant #21 expression construct in humans, Additionally, the phermacodynamics of
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a-{isl A and the presence of its substrates in plasmae, urine and tssues over Hme will
be messured. The impact of variant #21 expression constructs on BRT sdministration
for subiects on BRT, renal finction, inmuons response, and virsd vector DNA
shedding can also be svalusted over dme.

FE293] Overall, varlant #21 exprossion construct and variat #4 exprossion
ooustruct wers well folerated in g Fabry disense mouse model {GLAKD), wild-type
{C36BL/6) mice and cynomolgus NHPs, In GLAKO mice, thers were no adverse
findings related o & single IV administration of varient #4 sxpression construct up to
5.0E+13 vi'kg, the highest dose lovel tosted. In C37BL/S mive, prelirninary analysis
showed thet variant #21 expression construct was well tolerated up to the highest dose
temted, 1.58+14 vg'kg, In the NHP, vardant #21 expression constroct-related findings
wore Hmdted to animals that did oot receive an immunosuppression freabment
{8.08+13 ve'kg). These findings consisted of incresses in lvmphoid cellnlarity in
tymphoid tissues and splesn and were lkely consistent with an imonne responss
related to hGLA and/ or rAAVZ/S adoinisiretion. In these studies, the no-chesrved-
adverse-effect lovel (NOAEBL) was 8.0E+13 vk, with or whhowt the
Immunosuppressive regimen, the highest dose level tested.

6204} The study uses 8 recombinant {e.g.. PAAVEE) vecior consbruct
encoding the cDNA for humen o-Gal A, The vector construct encoedes a liver specific
promoter, and rAAYE/S exhiblis liver ropism thus providing the potential for long-
term and stable hepatic production of a-Gal A in Pabry disense subjects after 2 single
goge administration, Various AAY serotypes may be used, including AAV2, 5, 6 and
8. The rAAV2/S serotype was selected for use in this snd the examples described
sbove based on provious NHP dats showing that AAVY/S was primarily hepatotropic,
with shoilar biodistribution to AAVYE, and that AAVY/E and AAVEE veotorm
yielded similer fovels of cireulating FIX wransgene supression. Prelimingry chnjost
safety data has been collected from 13 subjects dosed with investigstions! producis in
3 of study trisls and suggest thet infusions with this AAYYS serctype sre well
tolorated {dats not shown),

[D395) Studies in a Fabry dsease mouse mods! administered [V with
rAAVIE sncoding BOLA cDINA show generation of therepeutic levels {over 300-foid
wild type) of u-Gal A, The one-time trestment with the expression vector minimizes

the incidence of infusion-releted resctions. Production of therspeutic levals of u-Gal

80



10

15

20

25

30

WO 2020/142752 PCT/US2020/012274

A in humans could enable reduction and potentially clearance of Fabry disease
subsirates Ob3 and lyso-(353 and may reduce the risk of antibody development to the
enzyme produced because of constant production of the enzyme, rather than pesk and
frough sesn with BRT. The variant #21 expression consiruct was designed to provide
stable, long-ferm production of a-Gal A st therapentic levels in subjects with Fabry
disease. The constant production of o-Gal A in bumans may enable reduction and
clearance of Fabry discase substrates Gb3 and lyeo-Gb3,

Study Evalustions
{B286] Evaluations may inchods incidents of trestment-emergent adverse
svents {TEAEs), routing hamatology, chemistry, and Hver function, vital signs, BCG
and ECHO, serial alphs fetoprotein (AFP) testing and MBI of Hver {or equivalent
imsaging) to monitor for the formation of any Hver mase. Additionally, the change
from baseline can be measured st specific time points over | year in the following: o-
Cial A activity in plasma; Gb3 lovels in plasma; Lyso-03b3 levels in plasioa; frequency
of FABRAZYME® (or equivalent BRT) infusion; estimsted glomervlar fltration rate
{eGIFR) calouiated by creatinine levels in blood; left ventvioulsr mass measured by
cerdiac magnetic resonance maging (MRI), total protein and albumin to creatinine
ratios in uring; o-Gal A snd (b3 levels measured in Hesue, subsirste levels messured
in tissues and urine; bomarkers of renal function in urine; newropathic pain messured
by the Brisf Pain Inventory (BRI}, frequency of pain medication use; gastivintesting}
{G) symptoms measueed by the OF symploms rating scsle; Mainz Severity Score
Index (MSEST}; quality of Hfe (QOL) patient-reported outoome measurad by the §F-36
guestionnaire; inmuneg responss 1o rAAVYE and o-0sl A; and rAAY vector
slesrance can be mensmed by level of vector genome in blood, plasma, saliva, urine,
stool, snd semen,

Subject Inclusion and Fxclnsion Criteris
{8297 The study subjects may comprise male subjects > 18 vears of age with
classical Fabry dizense, Male subjects with classical Fabry disease should be recruiied
to ensure that any residual enzyme level does not inderfers with the measurement of
snzyme levels produced by the cDNA tansgens,
ihaag] Maore particularly, the subject inclusion oriteria may comprize: (1)
subjects with docwnented disgrosis of classics! Pabry disesse ae defined by <5% o-
Gal A getivity in either plasma or leukooytes and one or more of the following
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symplomatic characteristios of classical Pabey discase: 1) comen verticillata, i)
scroparesthesia, 1) ankidrosis, iv) angivkeratoma (if there is documented clustored
periumbilicial angickerstoma, this symptom slone s suffcientas itis 8
pathogoomonic sign of classivel Fabry disense); (2) subject who is on BRT (14 days
[+ § day] regimen); or subject on ERT whose -Gal A sctivity is >5%; or is BRT-
ngive; or is ERT-preudo-naive and has not received BRT treatment in the past 6
months prior o consent; {3} for subjects recelving BERT, ERT should have been
administersd at g stable dose (defined a8 not having missed more than 3 doses of BRT
during the é months prior to consent} end regimen {14 deyes | day for at least 3
months prior to egrolbment); {4} subject with 3 nutetion thet is indicetive of dlassicsl
Fabry {i.e. listed in & datsbese, such a8 www.dbip.org); (5) subject whose ¢-Gal &
astivity at trough is below the lower limit of the nommal range of the assay; (6) male
subjects > sbout 18 years of sge; {7} sexmally mature subjests must agree to use g
eondom and refiain from sperm donstion from the time of expression construct
administration until a minimum of 3 consecutive semen samples are negstive for
ALY afier administration of study reatment and a minimum of 90 days after study
reatment administration; and (8} signed, wrilten informed consent of the subjest.

[389] For subjects who do not have a documented disgrostic o-Gal A
astivity level, a Blood sample should be taken to messwe 6-Gal A sctivity levels (o
plasma and/or levkooyies). For those subjects who are on BRT, this blood draw must
be taken af lsast 13 days after their last BRT infusion (rough). 1. If the sublect’s lovel
of o-Gal A activity is > 5% and the subject is on ERT, this level of enzyme activity
may be due to residoal o-Gal A activity from the ast BRT infusion, In this cage, the
diagnosis of classical Fabry dissase may be confirmed if the following three oriteria
are fulfilled:

{83007 8. two or more of the bllowing documented eymptomatic
charscteristics of clesdes] Fabry: comes verticillata, acroparesthesis, anhidrosis,
angiokerstoma. I there is documented clustered perinmbilicial anglokeratoma, this
symptom alone is sufficlent as # is a pathogoemondc sign of classical Fabry disease;

301] b. 3 mutation that is indicative of classical Fabry (f.e. listed ina
detabase, such a8 www.dbipp.org); snd
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fa02] e. the &-Gal A sctivity ot trough 18 below the lower lmit of the nommal
rengs of the assay.
[8383) Fabry disesse gene sequencing may be performed af soreening io

confirm that subjects have s mutstion in the GLA gene. The sasay mey be performed
on: biood or salive semples. If avatlable, gene sequencing results obtained prior to the
study may be used,

8304} Tosting for HIV, HAY, HBY, HCV, end TB can be condueted ot
sersening. Subjects with g diagoosis of HIV or evideneos of sotive HAV, HBY, HCV,
or TB infection may not be ¢ligible to participate in this study.

[E305] The lovel of neutralizing sotihodies to AAVE can be megsured &t
sereening o assess the subject’s pre-existing inmune response io AAVE. Subjecty
with elevated pre-existing neutralizing sntibodies o AAYE may not be eligible to
participaie in this study. If dosing is not completed within 3 months of soreening, the
serum nevptralization assay 0 AAVS dhould be repested.

[B366] If svalisble, diagnostic a-Gal A activity level results in plasma or
lovkoryies obtained pricr (o the study may be used, For subjects who donot have
documented disgnostic o~-Gal A sctivity level, 8 blood sample should be taken o
mensure o-(al A gotivity levels {in plasma sndfor leukooytes). For those sublects who
are on BRT, this blood drew should be taleen af Teast 13 days sfter their last ERT
influsion.

(6307} Chest Xoravs (also known as PA radiograph of the chest) can be
obiained to evaluste the general bealth and study elipgibility of the subject. Unless
medicslly indicated, s chest X-Ray taken within 6 months of envellment in the study
may be used {o detormine subject eligibility, Physics! examinations should be
conducied on sach subject and should include st mindmumy: genersl sppearance, head,
eyes, ears, nose, sud throwt (HEENTY, as well as cardiovescular, dermatologie,

respiratory, Gf, musculoskeletsl, and nenrclogio systems,

{83081 The subject exclusion criteris may comprise subjects who: {1} are
nown to be wresponsive fo BRT in the opinion of the Site Investigator and Medics]
Monitor {a.5., no docwented subsivate level decresss on ERTY, (2) sre undergoing
current treatment with migslastet (Gelafold™) or prior teatment within 3 months of
informed consent, {3} have a positive neutralizving antibody response (o AAY (e,
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AAVEY, (4) have interourrent illness expected 1o Impair evaluation of safety or
efficacy during the cheervation period of the study in the opinion of the Site
Envestigator or Medical Monitor; (53 have eGFR < 60 mlmin/1.73m2; (6) have s New
York Heart Association Class TI or higher; (7} bave an sotive infection with hepatitis
A virgs (HAV), hepstitis B virus (HBY), hepatitis C virus (HCV) (negative HCV-
DAY, or human immunodeficiency vims (HIV) as measured by quantitative
polymernse chain resction (gPCR) or sctive infection with wberculosis (TB): (8) have
a history of Hver dissase such as secondary stealogls, non-slecholc steatohepatitis
{(MASH) and cirrhosis, cholangitis, billary disesse within 6 months of informed
soncent; except for Gilbert's syndrome; sbnormal circulsting AFP; (9) for subjects
receiving ERT, have recent or continued hypersensitivity response o ERT treatment
within 6 months prior to consent, as menifested by significant infusion resction to
ERT in the opinioa of the Site Tnvestigator and Medical Monitor; (10); merkers of
hepatic inflammation or overt or ocenlt causes of Hver dysfunction as confirmed by
onee or more of the following: (1) albumin £ 3.5 w/dL; 35} fotad bilirubin > upper Hmit
of noraal {ULN) and drect bilirubin = 0.5 mg/dL; (i) alkeline phosphatase (ALF) >
2.0 x ULN; (iv) slanine andnotransforsss (ALTY > 1.5 2 ULN; (11 have a curent or
history of systemic (IV or oral) imumunomodulaiory sgent or steroid use in the pest §
months (fopical restment is allowed, e.g. asthmas or sczema) {occasionsl use of
systemic steroid may be allowed after discussion with the Medioa] Mondtor); {12}
have a contraindication fo use of corticostervids for inmmnosuppression; {13 have s
history of malignancy sxcept for non-melenoma skin cancer; (14) have o history of
alcohol or substance sbuse; (15) have partivipated in prior investigational
interventional drug or medical device study within the last 3 months prior to consent
{(with the exception of implantable loop recorders as in the RalLRoAD tial); (16)
have received price restment with & gene therapy product; (17) Known
hypersensitivity to components of 87920 formulstion; (18} Any other reason that, in
the opinion of the Site Investigator or Medical Monitor, would render the sobject
nnsuitable for participstion in the study

Concombtant Medications
83691 All medications can be permitted, except for those thet are potentially
hepatotoxic. Hepatotoxic sgents such s diclofenac, amdodarone, chlorpromazine,

fluconazole, isoniszid, rifempin, velproic scid, high doses of acetaminophen {4-8
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grofday), elo. as well as hepatotoxis berbal suppleaments such as seneciof/erotalaria,
germender in teas, chaparral, Jin bu huen, Ma-huang (Chinese herbs), sto. should not
be teken during the study period. For subjects receiving ERT, BRT should heve been
administered 2t # sisble dose {defined 2 not having missed more than 3 doses of ERT
during the past & months prior o concent) and regimen {14 days + § day for st least 3
months prior 1 envollment. Subiects should continue 1o recaive ERT ai 2 stuble dose
and reghmen {14 days & 1 day) during the study as per standard of care unless they
underge ERT withdrawal,

Dose Cohorts
[6318} The starting doss will be 5.08+12 vg/kg, and sy doss escalation to the
next dose level will be npon review of data from the previous cohort andior other
clindcal trials that use i vive tAAV2/6-based therapy, and based on the
recommendation of the Safety Monitoring Committes {EMC), which can comprise
extornal subject matter experts, the study medical monitors, and site nvestigators ag
approprizte. As ueed herein, the SMC members will have appropriate medicsl and
solentific expertise and will provide safety oversight of the study. In addition,
depending on the observed snzyme activity levels and safety profile of the subjects
dosed, the SMC may reconunend & dose escaletion to an intermediste dose level of
JOE+ES vg'ky, a 3-fold inoresss from the dose in Cohort 2 inntead of & $-fold
incresse to the 5.0B-+13 vg'kg dose in Cohort 3. A dose of sbowt 1LOE+14 ve'ky may
aise be considered. The three dose cohorls are shown in Teble 4,

Table 4. Dose oohorts

Cobort & Totsl rAAY™ Dot
{vecinr genomes
vglig)
,,,,,,,,,,,,,,,,,,,, - SHET
2 : 1.08+13
m—— S YRETS

{8311}
will be envolisd. Af least two subjects will be assigned into sach of the 3 dose oohorts
with a potentis] expansion of sny cobort with an additional 4 adult subjects, for a total
of up o 1 sublects, after MO review. The expression vector can be administered via
intravencus infusion. Within sach cohoat, treatment will be staggered 3o that each
subsequent subject canmnot be infused until ot least about 2 weeks after the preceding

Subjects > 18 veurs of age whe satisfy all inclusion/exclusion criteris
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subject has been dosed. Dose escalation to the next dose level may not ceour until st
Isast showt 4 weeks sfter the last sublect in the preceding cohort has been doned, snd
safety dats from the entire prior cohort has been reviewsd by the SMC.

312} Subjects who received ERT prior to study enrollment should continue
to receive BRT during the sty and remain on their current dose and regimen (14
days & 1 day} per standard of care unless they nnderge BRT withdrawsl. For subjects
or ERT, baseline testing of enzyme and substrate Javels will be coordinsted such that
sarnples can be teken on 2 seperate cocasions in the morning st trough, defined a5 14
days {+/- 1 day) after the previcus ERT infusion, An addifions] time polat will heve
been taken previously during the scresning period, therefore, having 3 thme points to
assess the residug] levels of a-Gal A at trough prior to the gene therapy
administration. These 3 sumples should be taken st trough, and prefersbly at the same
time during the dsy {e.g. in the moming) t© minimize non-specific faciors potentially
impactiog on the levels of the enzymes,

{83138 To minknizs the potentisl lmomune responss 1o the tAAY capeid
protein, to avoid losing transgene exprossion in the cese of liver demage and o
preserve hepatic Runction, pradrisone or eguivalent corticostercid can be administered
prophylacticsily starting sbeout 2 daye prior to expression vector infusion and can be
tapered over 8 period of up o about 20 weeks,

iB8314) The expression vector can be injected using a syrings pump or [V
infusion pump {see Study Pharmacy Manualh. Total volumes will be dependent on
sublect’s cohort ansignment and body weight (kg) at baseline. The expression vestor
oon be administered through an IV catheter at 5 controlied speed while monitoring the
subject's vital sigus (temperature, heurt rate, respiratory rate, and blood
presgurel.while the subject iy in the hospital or soute cave facility, where the mubject
may remain for cheervation for st least 24 hours after completion of the expression
vector infusion. The subject can be discharged when all vita! signs ave siable snd any
adverse events {ABs) have resolved or the subject i considered sighilized as per the
Investigator judgment.

6318} Following infusion with the expression vector, study visits may be
conductsd on Day B; Weoeks 2, 4, 6, 8, 12, 16, 20, 24, 28, 33, 38, 40, 44, 48, and 52,
Week 28, 32, 40, 44, and 48 wtudy visits have ssscesments that do not reguire
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evaluation at the clinical site, and therefore may be conducted remotely, Assessments
for ABs and concomitant medications may be conducted remotely over the phone.
3167 Liver tests (AT, ALT, GOT, total and divect bilirubin, ALP, LUH,
alburain, and total protein levels) can be conducted 1o monitor for AAV-mediated
impmnogenicity twice weekly during sbout the first 20 wesks after expression veotor
infosion while the subject is on preduisons or equivalent corticosteroid and may be
conducted remotely. Blood samples for liver tests can be drawn 2-4 days apart when
possible, sxcept for the firet week when they can be drawn on the Day 2 and Day 8
visits. Liver tests cun subsequently be conducted weekly for four weeks following
discontinustion of immunosuppression (Weeks 21-24), and then monthly thereafler to
eoincide with study visits (Weeks 38-52),

FB3ETY if, despite pre-treatment with prednisons or equivalent corticosteroid,
there is evidence of ALT elevation, the dose of prednisons or equivalent
sorticostaroid will be continued (prednisone 1 ok [max 60 myg] or equivalent; oral
or intravenous and/or inorsased on & case-by-cese basis, and liver enzymes may be
assessed twice & week until normalization of Hver enzymes, and then per protocel
therenfier,

0318 For the first 2 subject in each cohort, treatent can be staggered so that
sach subssquent subject will not be infised untfl the preceding subject has been
observed for ot least 2 weeks. Dose escalation 1o the next dose level mey not ooour
uniil at least 4 weeks after 2 subjects in the preceding cohort has been dosed and the
safety data from the 2 subjects in the prior cohort has been reviewsd by the SMC,

103191 Doging and dose escalation may be paused if any of the stopping rules
B T,
G320 Treatment with the exprossion vector may shrogate the need for BRT,

by vsing a rAAY veclor encoding cDNA for human o-Cal 4, resulting in long-term,
Hver-specific expression of o-Gsl A in Fabry diseass subjects. Sublects who uwndergo
ERT withdrewsl will be clossly monitored for any ABs, vital signs, any changes in
safety laboratory evalustions and levels of u-Gal A and substrates compared to
bassline, The BRT withdraws! should be considered afler g period of four wesks, in
order to allow enough time for transduction of the target liver cells. The sublects who
undergo ERT withdrawsl will be closely monitored for any olindes] svmptoms
incloding fatigue, and newopatids pain, any AFs, vital signe, any chenges in safety
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laboratory evaluations, including liver function tests and Jevels of a-Gal A and
substrates (Gb3 and Lyso-(Gb3) campared to baseline, BRT withdrawal may be at the
discretion of the Bite Investigator afler consultation with the Sponsor, and should be
considered for subjects who are willing and meet the following oriteria
{1} are >4 weeks post-adminisiration of BT-92;
{2} are medically stable and can tolerats temporery discontinuetion of
ERT in the judgment of the Site Investipator;
{3} agres 1o increased safbty montioring snd additional 1sb testing until
ERY Withdrawa! Follow-Up visit
{4} ERT doss not need (0 be restarted afler the BRT Withdrawal
Follow-Usp visit, However, ERT may be re-initisted st sny time based on
clinical chroumatances or 8t the fudgment of the Site Investigator,
{63311 EBRT withdrawal msy be repeated if previously unsuccessfial, provided
this is done al least 12 wecks after the previows sitewpt if the subject is willing, and
may be st the discretion of the Site Investipaior and after consultation with the
Hponsor,
[B332] The duration of study participation may be up o 76 weeks for sach
subject divided into up to & weeks for soreening, up 1o 12 weeks fr baseline, and 52
waeks follow-up after dosing, Accrual is planned for 9 0 12 months, Subjects should
be encovraged to participate in an additiond separate long-term Bllow-up study for
up o 4 yoars,
{3231 The study earoliment should be paused if any of the following oriteria
ars et and the SMC may convens o meke recomumendations 28 o the proper cowrse
of sction: (1) any one Grade 3 or higher adverse event with of lesst 5 ressonsble
possibility of a caunal relationship to the expression vector formulation; (23 serious
adverse event (SAE) with at least & reasonsble possibility of 5 causal relationship o
ths expression vector formulation; {3) death of & bumen subject; (4} development of s
mslignanoy. )
{0324] Treatment-omergent ABs can be summarized overall and by dose
sohort. For ench subjsct, the maximum reported severity of sach AF canbewsed in
the sumenaries by severity grade. In sddition, all 8AEs and AEs related to study
treatmendt can be summerized. For other safety svalustions, dais can be summarized
for sach time potnt. Chavge from baseline valuss may be caloulsted for contingous
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parsmeters and summarized by time point. Shifi-tables may slso be constructed for
seleoted perameters.

[8325] a-Cial A asotivity in plagras should be mensured to assees whether a-Gal
A is being produced and is aotive. o-Gal A lovel messuements may be conducted on
plasmas, serum, whole blood, deed blood spot, leukooyies, or other blood components,
For those subjects on BRT, samples should be obtained at trough, defined s 14 days
& 1 day) after the previous BRT administration. Additions! samples may slso be
obtained throughout the study to further our understanding of the pharmacokinetios of
the snzyme snd ensure thet samples obtained prior to ERT are at trough,

{8326} {3b3 1g 8 type of glyveosphingolipid thet scommuliate within blood
vessels, Hesues and organs in Fabry disease due 1o 2 deficlency in o-Gal A. Gb3 lovels
in plaema, vrine, and other tissues may be measnred throughout this study to evaluate
the impact of beatment administration and o-Gal & levels. For those subjects on BRT,
sanples should be obtained st trough, defined as 14 days (& 1 day) after the previous
ERT administration,

8327 Evao-353 iz g soluble form of the substrate Gb3. Lyse-Gb3 levels in
plasmas, urine, and other Yssues may be messured throughout this study to evaluate
the impact of treatment administration and o-Csl A levels, For thoss subjects on BRT,
samples should be obtained at wough, defined as 14 days (& 1 day) afler the previous
FRT adruinistration,

328 At ench sampling Yme poing, the actod value snd the change from
baseline for a-Oisl A and b3 and lyso-0b3 levels can be summerized neing
descriptive statistics and plotted vver tie by dose cobort. For subjects who undergo
BRT withdrawsl, chenges from pre- io post- ERT withdrawal in the Breguency and
doss of BRT infusions can be svalpated and summerized using sooalized totsl dose
andd murmber of infusions. Duration of BRT withdrawal may also be gnalyeed, AAY
clegrance measured by veotor genomes in the different samples (plasma, sslive, urins,
stool, and semen) can be plotied over time by doss cobort,

[B32e As shown in FIG, 14, the rtAAY vedor comprises the variant #21
h$LA expression cassette (3321 bp) that includes lver-apecific regulatory clements
that drive expression of 8 BGLA travsgene. The hGLA transgene is under the control
of an enhencer and hepatic control region from the hunan apolipoprotein B (ApoE)
gene and the humen o~ L-wntitrypsin (hAAT) promoter. The ApoE erbancer and
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RAAT promoter are specificelly snd highly active in the liver, the intended targst
tissue, but insctive in non-liver cell and tissue types, thus preventing hGLA
expression and activity In non-target tissuse, A modified chimerde intron (HRB-
IghGLA transpens comprises a codon-optimized hGLA 0-Gal 4 enzyme,

183301 Variant #21 containg 2 muated form of the woodchuck hepatitis vires
{WHY} posttranscriptionsl regulatory element (WPREmut6)., WPREmuts is 2 592-bp
DIMA sequence containing the promoter region of WHY X protein Hllowed by e
tranceted form of the X protein itself with point mutstions in the putstive promoter
region and start codon of the X protein open rending frame to prevent X protein
expression Gmu6). The poly A seguence is o derivative of the bovine growth hormons
polyadenyistion signal. The sddiion of the WPREmutt element led to inoreased u-
Gal A protein prodoction, Indesd, greater potency was noted with variant #21
expression construet comparsd to variant ¥4 expression construct {that Tacks the

WPR Bt element).

i8331] The variant #21 expression construct can be formulated st
approximately 1.OE+13 vg/ml in phosphate buffered seline (PBY) containing Calll2,
MgCl2, NaCl, Bucrose snd Kolliphor (Poloxamer) P 188, filled at volumes of 2wl or
3 i or 10 mL, sle. into vials, and stored 8 <-63°C. The vials have an alumimog seal
with & flip-top.

1332} The expression consiruct rAAV vector may be packsged with capsid
serotype AAVI/S uxing 8 519 insect cell / recombinant beculovirgs (SARV)
expression systemn. Allernately, the oxpression construct rAAVY vector may be
peckaged with capeid serotype AAV2/S using & marnmalisn expression system, .8,
HEK293,

63331 The studies in the Fabry disesse mouse models, wild-type mice and
eynomolgus NHPs demonsirate the fersibility of safely producing durable and
potentislly efficacious lovels of 0-Gal A after treatruent with variant #21 expression
VECOT.

[6334] Mo adverse offocts were noted In the mice ot dose levels up fo 1.5B+14
vgfkg and in the WHPs ot dose levels up to 6.0E+13 vg'kg, the highest dose levels
given, respectively. Therefore, the clinjcal stearting dose of $.0E+12 vehkg is
supported by 4 30-fold safety dose multipls in mice and 12-fold safety dose multiple
in NHPs.
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{8338} Measurable lovels of -0l A are expectad in human subjects ot a dose
of S.O0E+12 vg'kg based oo the marked pharmacodynsmic response noted in the Fabry
diseass mice given 2.08+12 veg'kg.
fhaas Al patents, patont appHeations and publications mentioned hersln are
5§ hershy incorporsted by reference in their entirety.

33T Although disclosurs has been provided in some detadl by way of
iflustration and example for the purposes of clarity of understanding, it will be
apparent 1o those skilled i the art that variows changes snd modifications can be
practived without departing from the spirit or scope of the discloswe, Accordingly,

10 the foregoing descriptions and exarples should not be construed as Hmiting,
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