1 Gene Vector Field of the Invention The present invention relates to gene vectors for use in gene
transfer and therapy applications, and to methods of producing them, and uses thereof 5 Background
to the Invention Hematopoietic cell transplantation (IHCT) from normal donors is a curative therapy for
several inherited and acquired disorders. However, the transplant is limited by the poor availability of
matched donors and the mortality associated with the allogenic procedure (mostly related to graft
versus host disease - GvHD). HCT has a very low 10 efficacy in some disorders such as lysosomal
storage diseases (LSD). In order to improve thegaifgty @ngrefficacy of allogeneic transplants and to
identify alternative protocols for patients lacking a matched donor, a gene therapy approach based on
the transplantatio off e cortre%ted autologous hematopoietic stem cell (HSC) is required. 15As an
alternative to %&e?m?@%@l%%mhented genetic defect can be corrected in the patient's own
hematopoietic cells by gene therapy. However, delivery of a functional copy of the relevant gene into
all affected cellhofphesdnddpisrdifficutia®hetegroept oistetvcelgengtherapysisiasédhsmathe genetic
e reoimon uByIRANE A BEE O SeA G R g o e D o
undergoing self-frenewal 20 divisions, and generate huge numbers of genetically corrected progeny,
thus ensurlng a continuous suply of corrected cells for the rest of the patient's lifetime. Hematopoietic
stem cells’ (HSBACKSHR 37 e1dPR target population for gene therapy, since they can be easily
and safely obtained from bone marrow (BM) or mobilized peripheral blood. The isolated HSC can be
genetically moptétﬁdtaptdezﬁ r@mrﬁ@ﬁlsﬁmath@tmtlgﬂ\ms adautolagoufoiiarsilantukeng-tasmpenefit
requires the trans ant tion of a suffijcientl; }% h nu er of gene-modified HSC, WhchA an repopulate
the conditioned B SiaHBHELCHb 6l ASHEPHIRBETEETs B K Ao RBTSRLIBAS LA RofBGous
allogeneic HS@dmakeaimle@mla{wa{e@MEﬁs %m/anabfﬁamlaiy Rateritseandiay didsanoguniological
compatibility problems Ieadln to Gv ddition, some. diseas ‘eﬁ'i) |mmunocr1\ efficiencies
require the com BRI SR E@Cgr& oI M@ asfshe% (; ym)éaéc?n?ﬂ% g regimen
(so-called(' norefiyelpailatvie d[s'imiﬂll caokitiorningiegunemyrigtedivesds (LSD). In order to

improve the safety and efficacy of allogeneic transplants and to identify alternative
protocols for patients lacking a matched donor, a gene therapy approach based on the
transplantation of gene corrected, autologous hematopoietic stem cell (HSC) is

required.

15  Asan alternative to allogeneic HCT an inherited genetic defect can be corrected in the
patient's own hematopoietic cells by gene therapy. However, delivery of a functional
copy of the relevant gene into all affected cells of the body is difficult. The concept
of stem cell gene therapy is based on the genetic modification of a relatively small
number of stem cells, which remain long-term in the body by undergoing self-renewal

20  divisions, and generate huge numbers of genetically corrected progeny, thus ensuring
a continuous supply of corrected cells for the rest of the patient's lifetime.
Hematopoietic stem cells (HSC) constitute an excellent target population for gene
therapy, since they can be easily and safely obtained from bone marrow (BM) or
mobilized peripheral blood. The isolated HSC can be genetically modified and

25 returned to the patient as an autologous transplant. Long-term benefit requires the
transplantation of a sufficiently high number of gene-modified HSC, which can
repopulate the conditioned BM, giving rise to corrected blood cells of all

hematopoietic lineages. Autologous allogeneic HSC make the transplant procedure



5 which results in better tolerability and fewer side effects for the patient. A reduced conditioning
regimen is less compatible with a standard allogen%ic transplant, because mixed donor chimerism is
usually unstable in the allogeneic setting due to immunological antagonism with host-derived immune
cells. Efficient long-term gene modification of HSC and their progeny requires a 10 technology which
permits stable integration of the corrective DNA into the genome, without affecting HSC function. The
most efficient delivery systems are viral vectors. For example, gene transfer and expression in

hematopoietic Piailereée ebiratspeynst meilssasaessAhecgnadbbierenrblsassis ki in
Globoid Leukodysitophy a&ldn 05dHhabhrAdiggangd %ﬁ@gﬁﬁﬁi&%ﬁ@%@#&%@@d&ﬁmﬁmem of

the 15 transduced cells, preventing the development of HSPC based gene therapy approaches for
treating the disordestieehe Bantiah e HeturendxXhressios Csshife i tsdsHY G JBn& M R ould

resemble physi %%Bfgﬁ%mﬁéﬁt%%l@é’tqa%%id &Cﬁﬁﬁiﬁ'aegﬁﬁhﬂﬂﬁhgmég@ﬁﬁiciyme
expression, which can result in toxicity, elimination or even mag%i%nant transformation of the transduced

cells. Thisdis partichiarsplnpresHer dolsrildm adidewrrs Ride ialigstscEr disengtisPantesadyehg-term
efficacy of gengthgraRidveess-RIRIs: BysbNMIbG distihadhY the gereticdAigrvantienute

summarize, current hematopoietic gene. therawtrategies require transduction of HSC to guarantee

long-term corr8¥i6A TR heWRGTHHetis SyBtary, puisiablsidiBighisicalagneiterciitia ddtldted

transgene eXp[&%ﬁMl@%ﬁ%ﬁ&E&%ﬁs@@xﬂﬁh RaeatoRicaiy Spresgithe transgene product in HSC, but
"switch on" only in the differentiated progeny that are the target of the genetic disease, e.g.

| hocytes i ID, locytes in CUD and t hages in GLD. 3in th tor.
However, prorIBrE g DN QhrcA B HIHnGE OF oAl Rl SREP N SHDLES it oo

thus not be easibhnetanstithied perthi eabikeiytizanectof tensirueititDhNANoKe flexpeassion levels

from tissue-speciﬂc LPrOtIPOterS ?stituted J[qlgene-tr sfer vectors are often not.syfficient to achieve
phenotypic without atfecting unction. most etficient delivery systems are viral vectors.

For example, gene transfer and expression in hematopoietic progenitor cell (HSPC) of
the lysosomal enzyme galactocerebrosidase (lacking in Globoid Leukodystrophy —
GLD - or Krabbe disease) causes apoptosis and functional impairment of the
15  transduced cells, preventing the development of HSPC based gene therapy approaches
for treating the disorder (see below). Thus, future expression cassettes used for gene
therapy should resemble physiologic expression patterns and avoid ectopic and/or
non-physiologic transgene expression, which can result in toxicity, elimination or
even malignant transformation of the transduced cells. This is particularly important
20  for stem cells, the key target cell type guaranteeing long-term efficacy of gene

therapy, whose biology must not be disturbed by the genetic intervention.

To summarize, current hematopoietic gene therapy strategies require transduction of
HSC to guarantee long-term correction of the hematopoietic system, but would
significantly benefit from regulated transgene expression cassettes that do not

25  ectopically express the transgene product in HSC, but "switch on" only in the
differentiated progeny that are the target of the genetic disease, e.g. lymphocytes in
SCID, granulocytes in CGD and monocytes/macrophages in GLD.

One way to achieve this is the use of lineage-specific transcriptional control elements,

e.g. the endogenous promoter of the locus, to drive expression of the therapeutic gene



5 correction, most likely because of imperfect reconstitution and/or detrimental influence of the
chromatin at the semi-random vector integration sitg. Thus, additional strategies to regulate a
transgene are direly needed. Statements of the Inveéntion According to one aspect of the present
invention there is provided a gene vector for 10 use in gene therapy comprising at least one miRNA
sequence target operably linked to a nucleotide sequence having a corresponding miRNA in a
hematopoietic progenitor cell (HSPC) which prevents or reduces expression of the nucleotide
sequence in alASEC/BHEhOHRYE YhTFaPEMNAtEY A&t oAlsBoTRlifRslte S tHer@spees of (R Arasent

invention ther%iﬁ)ﬂ?‘&%%?&ﬂ%)ﬁ YREeEA iRy Hsedp gﬁ's’i]%r therary GenRtisipg At fedMiRNA
sequence target operably linked to a nucleotide sequence having a corresponding miRNA in a

hematopoietic &R ceNfaet) lithepRarents B seder e S ¥slprdEdiiontisP s prscfEotiRIeBekience in a

HSC but not iW&Qﬂﬂﬁf@ﬂéﬂaﬁ?%&%ltﬂ&m@é’&ﬂfﬂ%@%i@éﬁ‘%?dit JoMERIRNEraMidsS PHRERRyYRCLOr
suitable for use in 20 hematopoietic gene therargg comprising at least one miRNA sequence target for

a miIRNA WhicROE§sienteHn [ierdétPearsudl in anssieoissrai ey sl dendstHeriébpoietic
stem cell and opEARIYA tharsesRs: Bt eHestive AMRRtMaINaALtRabingconge thatinnfithe

endogenous miRNA is sufficient to reduce or prevent expression of a transgene which is operably
linked to the cOFESBBAAMEFHIRRA BHtgrg6rEeqiiehcecersts the present invention employs the use of
mMIiRNA which is strongly expressed in cells, such as HSPC and HSC but not in differentiated progeny
of e.g. the myeeictapdtdyeiphwidvéneage, preventing or reducing expression of a potentially toxic
transgene in sensitive stem cell populations, whilst maintain expression and therapeutic efficacy in the
diseased proog, 4 The MIRNAJS ORaTRONIKEHG G TRnsgens, The S oRgablyked
means that the compoﬁents escribed are in a re atlonghlp permlttlnlcj them to fanction in their intended
manner AGstemseethigeaiisléhiahiffeenprasenints hastyooelhtips, Lcgedthtivataig etbdeembbydiffdrentiate into
all cell types is know {RO Is, 0 lﬁf-r e rly emb ' Is.are
totipotent. Stertr{)( cgllé{ha{a"r%&c?leqi %(?ﬂr%%l{lkngnm%oqgt}?% n%t% %ﬁ@@%lgﬁ g}\egr]%n?{s?mrg. %?é% 8§§ lce,‘:sﬁgracterized
by the ability toregrndhaesisdliiss hrougiemitoticoe|| divisibreenadiffssentiatinghintovaldivalse range

of specialized E&ih@fﬁ%ﬁngﬁﬁ@ﬁfpﬁg gxpae&ﬂ{gmm{p@ggﬁ stem cells are: embryonic stem cells that

According to another aspect of the present invention there is provided a gene vector
15  for use in gene therapy comprising at least one miRNA sequence target operably
linked to a nucleotide sequence having a corresponding miRNA in a hematopoietic
stem cell (HSC) which prevents or reduces expression of the nucleotide sequence in a

HSC but not in a differentiated cell.

In other words, the present invention provides a gene vector suitable for use in
20  hematopoietic gene therapy comprising at least one miRNA sequence target for a
miRNA which is present in an effective amount in a hematopoietic progenitor cell or
hematopoietic stem cell and optionally a transgene. By effective amount we mean
that the concentration of the endogenous miRNA is sufficient to reduce or prevent
expression of a transgene which is operably linked to the corresponding miRNA
25  target sequence. Thus the present invention employs the use of miRNA which is
strongly expressed in cells, such as HSPC and HSC but not in differentiated progeny
of e.g. the myeloid and lymphoid lineage, preventing or reducing expression of a
potentially toxic transgene in sensitive stem cell populations, whilst maintain

expression and therapeutic efficacy in the diseased progeny.



10 are isolated from the inner cell mass of blastocysts, and adult stem cells that are found in adult
tissues. In a developing embryo, stem cells can difffrentiate into all of the specialized embryonic
tissues. In adult organisms, stem cells and progenitor cells act as a repair system for the body,
replenishing specialized cells, but also maintain the normal turnover of regenerative organs, such as
blood, skin or intestinal tissues. 15Hematopoietic stem cells (HSCs) are multipotent stem cells that
give rise to all the blood cell types including myeloid (monocytes and macrophages, neutrophils,
basophils, eoskispmitB NetyithrapgtablynigatatpdsttanseratetEheitsiaritiersaialy Sakednipadid lineages
(T-cells, B-cellgNigreelimhpbreagnifaicesiia '&?&%@&?&@ﬁﬁﬁsﬁﬂ;ﬁ@%ﬁ%ﬁﬁ?tﬁ@&%&%&éﬁfbﬁy pe of cell.
In contrast 20 to stem cells, however, they are already far more specific: they are pushed to
differentiate intBRSHeRIRIEMABERT The most important difference between stem cells and progenitor
cells is that stem cells can replicate indefinitely, whereas progenitor cells can only divide a limited

number of times. 5P Eclal RPIfg &R ol ARG e S ADMRIS EYBRTy By fGHCcHBhaSIG o Assay, i.e.

transplantgtionisnd dermensatraiinndnad @h hanean divetipsttatalbiaachineaansonrr praanged time
periods. The detection of cell surface markers such as c-Kit“fCDll7 , Sca-1 and the absence/

low-expressiot¥t 2PN BRIRHG gelhark&uPelsHb A sRHS 2 e ceHey addiaastel srfillecules
belonging to thaufk-AdluReaRiemismily Ity 120 angfcledd antaariehlfgr td Serandidmbdves

subpopulations, reaching a purity of 50% when_assayed against standard 30functional assays (Kid et

al). 5 A differéffidteh TP SLEANSIeR b BEEbREaH i) G s 8D MpRASBT 464 AE stem cell

or progenitor celheRiffREeRtiatiBaACE S Aringnthe ayeiopnent afa BibigeHidatardanisimas the
organism changes from a single zygote to a com%Ieg system of tissues and CTII 'gf%es. Differentiation is
also a cotimoABrSekLh AR, TSR SRaRT EERSTORIS St CRoke TIRF GRTE St atSd Yilghter cells

during tissue rapaifuangdsduingmerdesbrglduraaveyo Difterestintiomdiavoasically ahangesfatkell's size,
shape, membrane potential, metabolic actiyity, and responsiveness to signals. These changes are
largely due to ﬁ?@ﬁwh&sﬁt?gﬁaa%wdﬁﬁéa?&ﬂ& YR SRS IR ROt WIRRS M GiETEhfiSted cell is
a cell which which hasispssitimStotichéresdnachl-pR gy ecthi fLREpbatdstemaitiaiebpmental

process which involyes the activation and deactivation of specific genes. Here, a differentiated cell
cludes differ SRR EETR S BRI GRS S T h oSS AL P ages,

neutrophijls, basophils, eosingphils, ryéh tes, megakaryocytes/ platelets, dendritic cells, T-cells,

Becelle aht NG ETO R B e e CERG BY IR T PP oL S oot

distinguished fobondH 8€lang ¢S RChinyigetectidoidf cabswase andlecualaspithigh, aremoddriless

expressed on yndifferentiated cells. Ex les of suitable line kers such as CD11b, Grl, CD19,

Tor116 and G ORELSTdiRg o DAy TESAE ot e AR B T S e ST o vector
lymphoid lineages (T-cells, B-cells, NK-cells).

Progenitor cells have a capacity to differentiate into a specific type of cell. In contrast
20  to stem cells, however, they are already far more specific: they are pushed to
differentiate into their "target" cell. The most important difference between stem cells
and progenitor cells is that stem cells can replicate indefinitely, whereas progenitor
cells can only divide a limited number of times. HSPC can be rigorously distinguished
from HSC only by functional in vivo assay, i.e. transplantation and demonstration that
25  they can give rise to all blood lineages over prolonged time periods. The detection of
cell surface markers such as c-Kit (CD117), Sca-1 and the absence/ low-expression of
a panel of lineage markers, combined with a recently described set of molecules
belonging to the SLAM receptor family (CD150 and CD48), can enrich for HSC and
HSPC subpopulations, reaching a purity of 50% when assayed against standard

30  functional assays (Kiel et al).



for use in gene therapy comprising at least one miRNA sequence target corresponding 20 to a miRNA
selected from the group comprising mir-130a, mir-lgG and mir-223 operably linked to a nucleotide
sequence. miR-126 target blocks expression most effectively in the more primitive HSPC and (in
humans) in the erythroid lineage miR-126 would be particularly suitable for gene therapy applications
relying on robust transgene expression in the myeloid and 25lymphoid lineage. miR-130a target blocks
expression most effectively in the more grimitive HSPC (similar to miR-126), miR-130a would be most

particularly suifaBiéfessnyistsl ¢t apy edbnéntiAasbRrpgOMesbER BHITSdRC URprESSIbIPIH e

myeloid, lympfg@éﬂla&dle&tﬁsﬁ%@eﬂﬁsﬁ%wm&é@&w 9&§F§OHQ§ﬁ§hﬁ{é %@é@&ﬁéﬂt hyiman CD34
cells, but may have also non-specific activity in the differentiated progeny. A combination target

comprising mikMSeaHukERIEABEEY Hrdhsr bR DS HiieegsafiamhalPRgiR -2ete( iréfSPaBNES copies)

maximizes thes?ﬂ%fﬁltﬁlgiﬁ‘ém&i%@f@jﬁ&d Pyrthefaligsaf i@ﬂ%‘%ﬁ&iQMﬁéﬂ"}%@&s@ﬂﬁ qURIgSSion in
the myeloid progeny. Furthermore, when using the combination target, transgene downregulation in

HSPC is assufdibhysEimdsPendisiienindasatn ihe Hbsntinietedatghinn ellodeiadiaiRNA

regulation is redpgRdninninG 9% Ry atdeilioartaiitheiaaahserueP R NYR-223 flarget
blocks expression most effectively in myeloid committed progenitors and at least partially in 10 the

more primitive WSPTAAGVAGEIERNG PRIRVEYE HISRRIRE 256X 0hi RIS IBPHEVANRF 2R B&BMG1y blocks

expression in diffeJe cHiateesmyelid Sells ingud iyIEB RN RESSe MOARIAE $a @@ﬁremﬁénmyeloid
dentritic cells. miR-223 targ;t would be particularly suitable for gene therapy applications rel()(ing on

robust transgeHe WhE &eidh arfitHERHIRKEiIADY BrotrediavhidngdichiRes saetifiset sl s ar
expressiop 159@%\@{@/ sfestivelnitbmanHe G Fér&fa@%énﬂap B}U%ébé\ SERIVENGR (W 8Ethe

correspond to mir-130a and mir-126. _ . ) )
activation and deactivation of specific genes. Here, a differentiated cell includes

differentiated cells of the hematopoetic lineage such as monocytes, macrophages,
neutrophils, basophils, eosinophils, erythrocytes, megakaryocytes/ platelets, dendritic
cells, T-cells, B-cells and NK-cells. For example, differentiated cells of the
15  hematopoetic lineage can be distinguished from HSC and HSPC by detection of cell
surface molecules which are not or less expressed on undifferentiated cells. Examples

of suitable lineage markers such as CD11b, Grl, CD19, Ter119 and CD3.

According to another aspect of the present invention there is provided a gene vector
for use in gene therapy comprising at least one miRNA sequence target corresponding
20  to a miRNA selected from the group comprising mir-130a, mir-126 and mir-223

operably linked to a nucleotide sequence.

miR-126 target blocks expression most effectively in the more primitive HSPC and
(in humans) in the erythroid lineage. miR-126 would be particularly suitable for gene
therapy applications relying on robust transgene expression in the myeloid and

25  lymphoid lineage.

miR-130a target blocks expression most effectively in the more primitive HSPC
(similar to miR-126), miR-130a would be most particularly suitable for gene therapy
applications relying on robust transgene expression in the myeloid, lymphoid and

erythroid lineage.



In one embodiment the gene vector comprises the nucleotide sequence which controls the expression
of the vector. In other words, the endogenous micrgRNA prevents expression or proliferation of the
virus in certain cell types (HSC and HSPC) but 20 allows the expression or proliferation in other cell
types. For example, mir-126, mirl30 and mir-223 prevent expression of a gene vector or oncloytic
virus in a hematopoietic stem cell or progenitor cell. In one embodiment the gene vector comprises the
nucleotide sequence which is a transgene. 25In another embodiment the gene transfer vector is in the

form of a non-W&-§enenedRYeiee@r thAn I Rehbisuim demine(dedt ¢pdlsstartvdatopavayabemprise, or
be in the form Al ALESEIRMY 26 a1 ASTIE IS0 COMPASSSIBRIENA Ridekssaugpce

operationally linked to a nucleotide sequence. 7 sequences capa le of being transcribed. Thus,

sequences en&&iny MRNRIUEEE AddsRRRNE A Meirsd Mthihhis BeRnlgod. ( PrIGRMNE dector or

gene transfer \é%ﬁi%)oﬁf@ﬁrﬁff‘e%eﬂ{ei rBf%'i‘é' n%ﬁﬁ&ﬁw“ﬁ@%ﬁ%iﬁ@ﬁ@ FHEAASICHE ﬂé]a?e%i@rp'irpe” of
interest. The vector of the present invention 5may be delivered to a target site by a viral or non-viral

vector. A vectdi e q t@8ft-RAR I oifaiftatBEIRE rAFREENOT EHTEHEER) FHHM YIS cHRENMENt to
another. By wayabsaidiPlar sSameaMestaEsdésartdpuiaaemRinasPBNALRERAIMES algw&hiilies, such

as a segment of DNA (such as a heterologous DNA segment, such as a heterologous cDNA

segment), to bEHRAAfertad thtoltth BUEERNID ORtiEHSSUNE HANA HrE TRt cencdHecdector may
then serve to MRIRIAERGNERIRIQIAUS %Witbmtﬁéetﬁﬁbﬂ%é%ﬁé’r@@ asiR-omit efrBAAkRRlcation.
Examples of vectors used in recombinant DNA techniques include plasmids, chromosomes, artificial
chromosomes Sl most effectively in myeloid committed progenitors and at least partially in
10 the more primitive HSPC. At variance to miR-126 and miR-130a, miR-223 target

fully and strongly blocks expression in differentiated myeloid cells including

granulocytes, monocytes, macrophages, myeloid dentritic cells. miR-223 target would

be particularly suitable for gene therapy applications relying on robust transgene

expression in the lymphoid or erythroid lineage. miR-223 target may block expression

15  also very effectively in human HSC.
Preferably, the miRNA sequence targets correspond to mir-130a and mir-126.

In one embodiment the gene vector comprises the nucleotide sequence which controls
the expression of the vector. In other words, the endogenous microRNA prevents
expression or proliferation of the virus in certain cell types (HSC and HSPC) but
20  allows the expression or proliferation in other cell types. For example, mir-126, mir-
130 and mir-223 prevent expression of a gene vector or oncloytic virus in a

hematopoietic stem cell or progenitor cell.

In one embodiment the gene vector comprises the nucleotide sequence which is a

transgene.

25 In another embodiment the gene transfer vector is in the form of a non-viral gene
transfer vector. In this embodiment, the gene transfer vector may comprise, or be in
the form of, an expression vector or plasmid which comprises the miRNA target

sequence operationally linked to a nucleotide sequence.

Expression vectors as described herein comprise regions of nucleic acid containing



Non-viral delivery systems include but are not limited to DNA transfection methods. 15Here,
transfection includes a process using a non-viral ve7ctor to deliver a gene to a target mammalian cell.
Typical transfection methods include electroporation, DNA biolistics, lipid-mediated transfection,
compacted DNA-mediated transfection, liposomes, immunoliposomes, lipofectin, cationic
agent-mediated, cationic facial amphiphiles (CFAs) (Nature 20Biotechnology 1996 14; 556), and
combinations thereof In one embodiment the gene vector is a viral vector. Viral delivery systems
include but ares¢fBicMefiteitRabieiehBrirgsPaeesuh ddenoicauspraarseiiagmRVYVERIIA anferpes viral

vector, retrovirgd NeCIRL il MiNEalMes PR acwgyikal vector. Other examples of vectors include ex vivo
delivery 25 systems, which include but are not limited to DNA transfection methods such as

electroporation, DNA biolistics, Iinid-mediated transfectifo , comgacted DNA-mediated transfection. 8
The gene vector ‘or gene transfer vector of the preSent invention may be used to
deliver a transgene to a site or cell of interest. The vector of the present invention

5  may be delivered to a target site by a viral or non-viral vector.

A vector is a tool that allows or facilitates the transfer of an entity from one
environment to another. By way of example, some vectors used in recombinant DNA
techniques allow entities, such as a segment of DNA (such as a heterologous DNA
segment, such as a heterologous cDNA segment), to be transferred into a target cell.
10 Optionally, once within the target cell, the vector may then serve to maintain the
heterologous DNA within the cell or may act as a unit of DNA replication. Examples
of vectors used in recombinant DNA techniques include plasmids, chromosomes,

artificial chromosomes or viruses.

Non-viral delivery systems include but are not limited to DNA transfection methods.
15  Here, transfection includes a process using a non-viral vector to deliver a gene to a

target mammalian cell.

Typical transfection methods include electroporation, DNA biolistics, lipid-mediated
transfection, compacted DNA-mediated transfection, liposomes, immunoliposomes,
lipofectin, cationic agent-mediated, cationic facial amphiphiles (CFAs) (Nature

20  Biotechnology 1996 14; 556), and combinations thereof.
In one embodiment the gene vector is a viral vector.

Viral delivery systems include but are not limited to adenovirus vector, an adeno-
associated viral (AAV) vector, a herpes viral vector, retroviral vector, lentiviral
vector, baculoviral vector. Other examples of vectors include ex vivo delivery
25  systems, which include but are not limited to DNA transfection methods such as
electroporation, DNA biolistics, lipid-mediated transfection, compacted DNA-

mediated transfection.



The term "vector particle” refers to the packaged retroviral vector, that is preferably capable of binding
to and entering target cells. The components of the _particle, as already discussed for the vector, may
be modified with respect to the wild type retrovirus. For example, the Env proteins in the proteinaceous
coat of the particle 5may be genetically modified in order to alter their targeting specificity or achieve
some other desired function. Preferably, the viral vector preferentially transduces a certain cell type or
cell types. More preferably, the viral vector is a targeted vector, that is it has a tissue tropism which is
altered compardl§ f§'tHe Mefio RaFts|Sorehels e the darkaged Jetery sl ossirticthal isamsermhlpreferred

em boc!iment tQ%}Qi%'IEe d&?ﬁf&&i@d@iyﬁ@@ﬁ@lﬁ%‘tﬁ%w&l& '%@%WBE@E@ geRREGLOr
comprises a tissue specific promoter. Preferrably, the tissue specific promoter is selected from the

group comprisiEED i argee Hes thad prithoiet derinedifisth Yt clrerastolnetle 2WBhEawRs chain
(CYBB, gp91 phex)ikaslogus arshifK {HieRh THkdilie ﬂﬁ@f?%&ﬁr@ﬂé%@%&ﬁm?iﬂﬁdﬂﬁ&iﬂ%@e
|

mMiR-126 target sequence, this combination would allow specific transgene expression in a subset of
tumor-infiltratifen s sienetifallin Badi Badhsu Rt e b s LR eb PSS H 15 A RS GERE Venich
codes for an eggysiheraiairabudfigognzyme is selected from the group lysosomal enzyme 20
galactocerebrosidase and gp91 phox. According to the present invention can be used to deliver

immunomodulgtoi %ﬁe%e& ijZuch as interferon-alpha. referab%hesnvectorsd liver the
immunomodulat§ %;r eI SF CEIHBON BERE HE Aot trHR SHIARIRTSh B HEYEFbly these
vectors contain the Tie2 promoter plus a miR-126T sequence.

More preferably, the viral vector is a targeted vector, that is it has a tissue tropism

which is altered compared to the native virus, so that the vector is targeted to

10 particular cells.
In a preferred embodiment the gene vector is derivable from a lentivirus.

In one embodiment the gene vector comprises a tissue specific promoter. Preferrably,
the tissue specific promoter is selected from the group comprising CD11b and c-Fes,
and promoters derived from the cytochrome b-245 heavy chain (CYBB, gp91 phox)
15 locus and TEK (Tie2). TEK (Tie2) promoter could be combined with the miR-126
target sequence, this combination would allow specific transgene expression in a

subset of tumor-infiltrating myeloid cells.

In one embodiment the gene vector comprises a transgene which codes for an
enzyme. Preferrably, the enzyme is selected from the group lysosomal enzyme
20  galactocerebrosidase and gp91 phox. According to the present invention can be used
to deliver immunomodulatory molecules, such as interferon-alpha. Preferably these
vectors deliver the immunomodulatory molecules into tumor cells upon bone marrow
transplantation. Preferably these vectors contain the Tie2 promoter plus a miR-126T

sequence.

25  Importantly, the Tie2 promoter possesses activity in hematopoietic stem cells, and
immunomodulatory molecules such as interferon-alpha are known to be toxic to HSC.
Thus, the use of HSC-specific miRTs- as described in this patent application-

becomes obligatory rather than an option in order to specifically deliver bioactive



25Importantly, the Tie2 promoter possesses activity in hematopoietic stem cells, and
immunomodulatory molecules such as interferon-algha are known to be toxic to HSC. Thus, the use of
HSC-specific miRTs- as described in this patent application- becomes obligatory rather than an option
in order to specifically deliver bioactive 9 molecules by Tie2 expressing, tumor infiltrating
macrophages without interfering with HSC function. Given that the Tie2 promoter is weaker in HSC
than the PGK promoter which has been used throuhout our studies, we expect that 126T/130aT

sequences fullPhsydest xidis2ofRIRsHBEe 83348 EEER A TREPRIP o MYHIYh Bier&Tingccording

to another aspgethofidie inventigndhass {ﬁﬁf&\édﬁézapﬁ%h%&%&eﬂgéf Ugtsiqr RRAUGN@@iral vector
particle comprising a DNA construct encoding a packagable viral vector genome comfrisingl_gt least

one MiRNA seRfegiiertaybishabenRfifgy tehdipradent iaventisicanycoptiberiihat tla8dgbia By

packagable Ve&@ﬁ&@&eﬂm%‘%ﬂé’é‘em%ﬁ%t mﬁrﬁﬁ%%&e&%&é&i'TI@H&BWH@Q]EFEM@ &4t can be
packaged into a viral vector particle. This generally requires the present of Gag-Pol and Env.

Accordingsto aHsther aspect of the invention there is provided a process for preparing a viral vector

particle comprising introducing the set of DNA constructs of the present 15 invention into a host cell,

and obtaining thecwidihyeaionmatielaspranefemboimimratibthehsasticefroordpdisesstheotopsgponding

mMiRNA. According to angther ect of the invention there is provided a viral vector particle produced
: HieHEchY T &

by the process 8FtHEBHASERETAVEREGh Y A KA S TAUBR A& O e MGERGbRRSHE
provided a pharpagdeigtibhl 20adMaositigam oo isipgidg gerneaveoias aliRAACIe aepoedingto the
present invention . ) ) .
according to the present invention, and optionally a transgene. By packagable vector
10 genome we mean that the vector genome is in an environment where it can be
packaged into a viral vector particle. This generally requires the present of Gag-Pol

and Env.

According to another aspect of the invention there is provided a process for preparing
a viral vector particle comprising introducing the set of DNA constructs of the present

15 invention into a host cell, and obtaining the viral vector particle.
In one embodiment the host cell comprises the corresponding miRNA.

According to another aspect of the invention there is provided a viral vector particle

produced by the process of the present invention.

According to another aspect of the invention there is provided a pharmaceutical
20  composition comprising the gene vector or particle according to the present invention

together with a pharmaceutically acceptable diluent, excipient or carrier.

According to another aspect of the invention there is provided a cell infected or
transduced with the gene vector or particle according to the present invention. The
cell may be transduced or infected in an in vivo or in vitro scenario. The cell may be
25  derived from or form part of an animal, preferably a mammal, such as a human or
mouse. Thus it will be appreciated that the present invention is useful in providing
transgenic animals e.g., for use as disease models. In one embodiment, the mammal

1s a non-human mammal.



together with a pharmaceutically acceptable diluent, excipient or carrier. According to another aspect
of the invention there is provided a cell infected or %r(?nsduced with the gene vector or particle
according to the present invention. The cell may be transduced or infected in an in vivo or in vitro
scenario. The cell may be 25 derived from or form part of an animal, preferably a mammal, such as a
human or mouse. Thus it will be appreciated that the present invention is useful in providing transgenic
animals e.g., for use as disease models. In one embodiment, the mammal is a non-human mammal.
10 In one embBuftRaPRABBATS et dtspinBtitonisiiesiest e Hamalpereropiog aIEsEEN.
According to aggther aspect of the invention there is provided a combination of at least two different
mMiRNAs sequence targets corresponding to miRNAs selected from 5the group comprising mir-130a,
mir-126 and mir-223, .In one enl_;gdimentt e MiRNA sequence. targets are for si{;glultaneo s, separate

or sequential USSR dh BRI A GHHRSL GO EBE JFHTERUCHRER hBFRV SR SicIBAGERR 9L dor
according to theapresentififventioiRal parie|Geaccaseiag ihs jresant iMaRIONs scldbahavmaceutical
compositign according to the present inyention, gellqa/cc.o:?'r%] to claims the present invention or a
combinati%n 2RO R £ B Pé%élﬂf'lhﬁ%ﬁﬁﬁ'@r pteVEMtiig br reducing expression of a transgene in

a hematopoietic stem cell or a hematopoietic progenitor cell.
In one embodiment the miRNA sequence targets are for simultaneous, separate or

sequential use.

According to another aspect of the invention there is provided a gene vector according
to the present invention, a particle according to the present invention, a
10  pharmaceutical composition according to the present invention, a cell according to
claims the present invention or a combination according to the present invention for
preventing or reducing expression of a transgene in a hematopoietic stem cell or a

hematopoietic progenitor cell.

According to another aspect of the invention there is provided a gene vector according
15 to the present invention, a particle according to the present invention, a
pharmaceutical composition according to the present invention, a cell according to
claims the present invention or a combination according to the present invention for
treating a disease selected from Globoid Cell Leukodystrophy, Chronic

Granulomatous Disease and Severe Combined Immunodeficiency (SCID).

20  According to another aspect of the invention there is provided a gene vector according
to the present invention, a particle according to the present invention, a
pharmaceutical composition according to the present invention, a cell according to
claims the present invention or a combination according to the present invention for
increasing the chances of survival of a hematopoietic stem cell or a hematopoietic

25  progenitor cell in relation to gene therapy.

The chances of survival of an HSC or HSPC can be increased by specifically
detargeting expression of genes from these cells. In particular, the detargeting of

expression of transgenes which are toxic for HSC or HSPC could be beneficial for the



According to another aspect of the invention there is provided a gene vector according 15 to the
present invention, a particle according to the presept invention, a pharmaceutical composition
according to the present invention, a cell according {o claims the present invention or a combination
according to the present invention for treating a disease selected from Globoid Cell Leukodystrophy,
Chronic Granulomatous Disease and Severe Combined Immunodeficiency (SCID). 20 According to
another aspect of the invention there is provided a gene vector according to the present invention, a

particle accordifty terinef pheseracihverftisn, dsttaaipgaitivsrestifpostisianieearaingichtseyesent

@nvent@on, a Qeébﬁ%‘aﬁqiﬁgv&%t%@mﬁﬁﬁfe REESEH {AvROtIRL: %ﬁ‘l&%@ﬁ’fﬂﬁfi% iﬁ@f&%@ﬁ‘%&%?fesem
invention for increasing the chances of survival of a hematopoietic stem cell or a hematopoietic

25progenitor cBIYAVAIEEBY £51ene therapy. The chances of survival of an HSC or HSPC can be
increased by specifically detargeting expression of genes from these cells. In particular, the

detargeting of axpsessignoaiisansaepes vihiehiaredoxictiRidiS6rovitttdRGamNder heasiichy for the
11 surviva] of thes?}cells. Also,.detargeting of ex Eession og.transge es which could cause an

unwantedImmnd FeaBitith HE HESodd PAELtSn ArFHerasEl dRGn@ESFYuriivVarBPthe Tell.
According to apithenaspreal obthgolientiodhing ifopiaviskeskatganenvieatos astiosdiogdindadhe
present inventign., a particle accordin% to the present invention, a rl:Erharrﬁaceutical.coeirlliglosi lon

according to tH S t?ﬁ?ﬁ&ﬂfiéﬁ'e&l 2 Sclordiiy Ifgt@giﬁ%%dé ST IVERN A ¥ AMBination

according to tHedgpcesagptthreimtigmniorinerasmodthesatttyapnd/or efficacy of gene therapy. An
increase in safety of gene therapy includes the prevention or reduction of 10 unwanted expression of

wansgenes or Rpigssian ofheNeetarin, I a8l YRARANCHSHIEADE HBRG, Relprggting of
expression of a transgene or vector front'specific el types can reduce unwanted reaction or side
effects wHich may antedrexzmysgeneftteragyndnoincrkpassiimetficheyvoftgene taerap\catciydes that

transgenes are, (pre, §HeEty el 1s3PEesSSA RN IGT S REUBIPEP $4EMh&ne o vector from
specific cell types can reduce unwanted reaction or side effects which may

accompany gene therapy. An increase in efficacy of gene therapy includes that

transgenes are more effectively expressed in the desired cell types such as

15  differentiated hematopoietic cells, because these cells are more effectively generated

from gene-modified undifferentiated cells which are protected from transgene toxicity

and unwanted immune reactions by the microRNA target sequence. In particular,

gene therapy involving the transplantation of HSC or HSPC can be safer and more

efficient if expression of the transgene can be avoided until the cells have

20  differentiated.

According to another aspect of the invention there is provided a gene vector according
to the present invention, a particle according to the present invention, a
pharmaceutical composition according to the present invention, a cell according to
claims the present invention or a combination according to the present invention for
25  preventing apoptosis of a hematopoietic stem cell or a hematopoietic progenitor cell,

whereby the apoptosis is caused by expression of the transgene.

According to another aspect of the invention there is provided a gene vector according
to the present invention, a particle according to the present invention, a

pharmaceutical composition according to the present invention, a cell according to



15 differentiated hematopoietic cells, because these cells are more effectively generated from
gene-modified undifferentiated cells which are prot?zcted from transgene toxicity and unwanted
immune reactions by the microRNA target sequencé. In particular, gene therapy involving the
transplantation of HSC or HSPC can be safer and more efficient if expression of the transgene can be
avoided until the cells have 20differentiated. According to another aspect of the invention there is
provided a gene vector according to the present invention, a particle according to the present

invention, a pHAMRECHSHREISEBHIPYHIGN QEcoraRbIttiRE precutingninehfopreacainysagifg o claims

the present in‘fﬁBHQ@rf?fgaa%%QPiBPﬁﬁ@e?&ﬁ?i%go@atm%&éﬁﬁﬁﬂétii@%&‘iﬁo&fﬂn@@F&M%BBQ:Q@ONOSB of
a hematopoietic stem cell or a hematopoietic progenitor cell, whereby the apoptosis is caused by

expression of {HEEFAHEEERE. According to another aspect of the invention there is provided a gene
vector according to the present invention, a particle according to the present invention, a
pharmaceuticalig® fmpesitorofeeprodny itk praseatiinysotion iaikelidcearaing$T b2 EISiTS the

present inyention or a cambination according.to the present invention, for monitoring a stage of
Ciforentiation SIheRAIBBHIS Srorb CBITB e HEBGTRHS UGB EFCelt. PHEHFochree bf
mir-126, mir-223ianst nhi¢- :30QArigdnidheative ofian aGsomticRive bfMayargpegifieaily enitSME. is
indicative of prjmitive HSPC.and, in humans, also of cells of the erythroid ljneage. Mir-130a is
incicative of AR S AIBHN S LTS S AR PRI GO TR RGO el and
the more primiti@PESP GAiMP2323sisadso indicaiive off difiefentinied myetddCetidlinclndinging
granulocytes, mono%eytes, marco&pha es and myeloid denttii(t)il((:1 c(:iells.. 10Inﬁ)sne embodiment the gene

vector is for usé AN ToFAREE e AT ages and myeloid dentritic ce

10 In one embodiment the gene vector is for use in hematopoietic cell therapy.

Hematopoietic cell therapy includes hematopoetic stem cell transplantation.

According to another aspect of the invention there is provided a miRNA sequence
target corresponding to a miRNA selected from the group of mir-130a, mir-126 and

mir-223 for use in gene therapy.

15 According to another aspect of the invention there is provided a method of
determining the differentiation stage of a hematopoietic stem cell or a hematopoietic
progenitor cell, comprising determining the level of expression of a miRNA in the
cell, wherein the miRNA corresponds to a miRNA target sequence operably linked to
a nucleotides sequences, wherein the miRNA prevents or reduces expression of the

20  nucleotide sequence in a hematopoietic progenitor cell (HSPC) or a hematopoietic
stem cell (HSC) but not in a differentiated cell. For example, expression of mir-130a
and mir-126 indicates that the cell is a HSPC or HSC, while expression of miR-223
indicates affiliation to the myeloid lineage, i.e. granulocytes and monocytes, including

their precursors and derivatives.

25  According to another aspect of the invention there is provided a method of
determining the differentiation stage of a hematopoietic stem cell or a hematopoietic
progenitor cell, comprising determining the level of expression of at least two
different miRNAs in the cell, wherein the miRNAs correspond to miRNA target

sequences operably linked to nucleotide sequences, wherein the miRNAs prevent or



Hematopoietic cell therapy includes hematopoetic stem cell transplantation. According to another
aspect of the invention there is provided a miRNA ggquence target corresponding to a miRNA selected
from the group of mir-130a, mir-126 and mir-223 for'use in gene therapy. 15According to another
aspect of the invention there is provided a method of determining the differentiation stage of a
hematopoietic stem cell or a hematopoietic progenitor cell, comprising determining the level of
expression of a miRNA in the cell, wherein the miRNA corresponds to a miRNA target sequence
operably linkede@eenerMERBHS Qb dheAtsicalideréfaYRRCATIRNA HRVERRS BEiFeBtREEXDdkion of the

20 nucleotide spqpenCerin aWBRMBIRRAIBIIGAIPYENIQISEN GiBRE) fF 8 hematansisiicsieangell (HSC)
but not in a differentiated cell. For example, expression of mir-130a and mir-126 indicates that the cell

is a HSPC or HeuyaiigspratsitabieniRRb IS diffesntfilionMoeRy iy e RrRESANE. 9fe.
granulocytes and, MABRAYEESs IR EINAINS PRI EYS AN (aYI VAtV esd SRAGERAIYINELIA ArGther

aspect of the invention there is provided a method of determining the differentiation stage of a

hematoporetic ¥ BeN®ra WA HIRSgBMteh CEPTEBTp M JHEESERNSS tsaTR VD f
expression of apjpasiiwa different MIRNAN K the aelbubsteirFthe-niRNASkOUasRend aIRNA

target sequences operably linked to nucleotide sequences, wherein the miIRNAs prevent or 13 reduce

expression of e AtiQedisabestglehdeibfersmantissistiehrs vt (raskasy oRififisMtopoietic

stem cell (HSChRHEOQF 18 GifdecsRtiatae el AanchGeMBPRERERSIGXRIESROMIENH RIb e ditfgrent
miRNAs. Moreover, the e>1<§ression of two microRNAs can be assayed contemporaneously and

independently FBIFSe¥crdisienenr WUl itiRasisHE e dOBWIRE X TraSES R ker§enes, each

one contagnintha Aifferan McrpRNAEIg et Saduene e i examples the diffrrent migieviRNAs could be
linked to different marker such as fluorescent markers. Different colours would indicate different

mixtures of exprEEUBHESIHE GTHE MR BIKSWHIER Fapbded Mritridditeasfereitidtions stages (e.g. green

marker+miR-126T, red 10 marker+miR-223T. If cells are red or black:--> HSPC; if cells are yellow: -->

lymphocytes; iAcelisdaig greemodifieresirted Mmyeloidsrage tells.)iAguordirg ta amethed aspect of the

invention there,is pravided.a method of determining the differentiation stage of a hematopoietic stem
32 i o FeRtad

cell or a hemafiopoi%lﬁ%lrb%oﬂé% | r&gﬁl,a(t:l(grrhﬁ{r?%f’ng e eerrpnaltrﬂﬁ%“f & SeQBlrecgsicg)rrl feliergtop rlﬁtr%ggene in
said progenitor cell, comprising determining the expression level of a transgene in said
15  hematopoietic stem cell or said hematopoietic progenitor cell, wherein the transgene
is operably linked to a miRNA sequence target, whereby the corresponding miRNA

prevents or reduces expression of the transgene in a hematopoietic progenitor cell

(HSPC) or a hematopoietic stem cell (HSC) but not in a differentiated cell.

Furthermore, reporter vectors for miRNAs selected from the group containing miR-
20 126, miR-130a and miR-223 might be applied to identify hematopoietic stem cells
and/or their immediate precursors in culture systems aimed at obtaining hematopoietic

lineage cells from induced pluripotent cells (iPS) or embryonic stem cells (ES)

In one embodiment of the present invention the miRNAs used in the methods of the
present invention comprise the miRNA selected from the group comprising mir-130a,

25  mir-126 and mir-223.

Some Further Key Advantages of the Invention

The invention teaches how gene vectors suitable for gene therapy can be designed to
be regulated by miRNAs endogenous for HSC and HSPC for controlling transgene

expression to achieve specific expression profiles of the vector. The invention



15 hematopoietic stem cell or said hematopoietic progenitor cell, wherein the transgene is operably
linked to a miRNA sequence target, whereby the c?rresponding mMIiRNA prevents or reduces

: . 7 4 o
expression of the transgene in a hematopoietic progenitor cell (HSPC) or a hematopoietic stem cell
(HSC) but not in a differentiated cell. Furthermore, reporter vectors for miRNAs selected from the
group containing miR- 20 126, miR-130a and miR-223 might be applied to identify hematopoietic stem
cells and/or their immediate precursors in culture systems aimed at obtaining hematopoietic lineage
cells from indu@ igRsripseheelis P A BrsB st stamibensiE)elnte fE isH ENHESHSf the

present inVem't%E@iQ?@ MRS Eé%%dIiISf‘@ methads ?Iléh%t@r%@rﬁé(ﬂéfﬁﬁmtc%@“%@ﬁg @E%rHﬂBNA
selected from the group comprising mir-130a, 25 mir-126 and mir-223. Some Further Key Advantages

of the InventiofIPHEIFVETEN EERSE MY aris vlsgaressulthpeeripigere mEispytrsHERIgsigned to
be regulated by, MiRNASEIQOSARUS IQ6 NS habth AR farLcomiglinaapsgens Xprassion to

achieve specific expression profiles of the vector. The invention 14 provides broad application of
these vectors ﬁélﬂéﬁmill help to prevent transgene toxicity in HSC and HSPC and thus faciliate the
development of gene therapy strategies for the treatment of various diseases. The vectors are
particularly suitakledosgenepheidpiasnyhit misilueshprefpy asiaothfis transgenedmiiGNis doxic for

HSC 5 or HSPC. The inyentors provide a nhovel method to profile the activity of selected miRNAs
neross multiplEHET e EUT LA AT P B . PR AUy B ew
dimension to cattiggtionalmiRibAstxpiessv@raditing e chesessoic pargl broagfuhdineied to a
previously purified bulk population. This method is 10 based op the transduction. of HSPC with
el mRNATERGHSPORAIS IR BRGNS B BB a0 o Lo B9 R,
easily queintifidaledtdinetsinglaesdaltieved ubts rCmuitip le raélinpd pulRionsdpopaialet doysflovihieyitometry.

Usin i coprcec SISO HERLISSRTIENS et T Bl et

single cell level and in multiple cell populations in parallel by ﬂ().w cytometry. Using
this approach, the inventors identified two miRNAs that are highly functional in
mouse and human HSPC, including subsets enriched for the most primitive stem cells.
15  Upon differentiation, one miRNA is rapidly down-regulated at the early progenitor
cell level, while the other one is further induced during granulo- and monopoiesis, but
sharply down-regulated in lymphocytes and during megakaryocyte/erythrocyte

differentiation.

Furthermore, the inventors applied one of the two miRNAs highly expressed in HSPC
20  to overcome a major issue preventing efficacious treatment of globoid leukodystrophy
(GLD)(a lysosomal storage disorder due to defective activity of the lysosomal enzyme
galactocerebrosidase - GALC) in the murine model by lentiviral vector-based
hematopoietic stem cell gene therapy. In contrast to other lysosomal enzymes, GALC
gene transfer and expression in HSPC causes apoptosis and functional impairment of
25  the transduced cells due to an imbalance of the intracellular content in bioactive
sphingolipids consequent to enzyme expression. Differentiated cells of the myeloid
and lymphoid lineages are not affected by GALC expression, suggesting a unique
sensitivity of HSPC to enzyme toxicity. The miRNA-responsive sequences used for
the reporter vectors allowed regulating the expression profile of the therapeutically

30 relevant GALC transgene, de-targeting transgene expression from cells where the



15 Upon differentiation, one miRNA is rapidly down-regulated at the early progenitor cell level, while
the other one is further induced during granulo- anqsmonopoiesis, but sharply down-regulated in
lymphocytes and during megakaryocyte/erythrocyte differentiation. Furthermore, the inventors applied
one of the two miRNAs highly expressed in HSPC 20 to overcome a major issue preventing
efficacious treatment of globoid leukodystrophy (GLD)(a lysosomal storage disorder due to defective
activity of the lysosomal enzyme galactocerebrosidase - GALC) in the murine model by lentiviral

vector-based KEERISHBIBAY st rrrpamserche thBapy hecositrating BrhdheyarsatinsKaresyipRdd GALC
gene transfer and SXRIESSINAIDIORRS FRUSEARRIRIOSE AndhiuagticnalippaiimapkRimo e

transduced cells due to an imbalance of the intracellular content in bioactive sphingolipids consequent

to enzyme expieddiotiansisehate dheamsRor frecaiifaterdabGyleishoral iivrsigje svsre Rustiegtedted by

GALC expressiRfin %Hgﬁ%t’iﬂgiéit?@ﬂ&‘ EeBBNS LY A EEBCHAERZYNG 1QYIGHY Vi) @faii%}{ﬁfgesponsive
sequences used for the reporter vectors allowed regulating the expression profile of the therapeutically

30 relevant GARPan8giste dlekrptify FEicenerbxrEssiRIParh célls FREEinge f5etnate

MIRNA is expressed LERREH WhilafAgemising full therapeutic expression in the differentiated progeny
that is not affected by the GALC-expression toxicity. The HSPC transduced with the miRNA-regulated

GALC lentivirapxgetahs, WatefploieiiediiRNve tizy s dgudaitysand satpiopditheichipatianiatbdn vitro
and in vivo. Preliminary 5results indicate therapeutic efficacy of this approach in correcting disease

manifestations iAM#E H SHRE RN PRErEHRAY, BRI FYRTIN sifetheaRrARRY S Binployed
to achieve regulpiesl ¥qnisg @RprexddsaSaI dicimiheoitimaa e atappisiic Sysiathgens drerapy

applicatigns which require expression in the myeloid lineage (e.g. chronic granulomatous disease, 10
|ysosomAPstorbzaasaf§éia&ga§a SR B &%&5@, @ﬁeﬁ?omaﬁeﬁmaa%ﬁw@ystmp Y,

adrenoleukodygtreiyulesd)stdpiyl3Ral (R6X1as0eTSeneneas) - Ratisneey forgpaxinal repression in

HSPC; 126T (2 target sequences) - optimized for minimal background activity in the myeloid progeny.
15Gene theragy APPREAHCHSIicA %Jalﬁr?é é%?feérgié?f%%ﬁswﬁ?&d m%aa@?égér minimal

background activity in the myeloid progeny.

15  Gene therapy applications which require expression in the erythroid lineage (e.g.
thalassemia, glucose-6-phosphate dehydrogenase deficiency, sickle cell disease,..):
130aT (4 target sequences), or 223T (2 or 4 target sequences). The latter target might
exhibit some activity (<5x) in more primitive BFU-E and CFU-E.

20  Gene therapy applications which require expression in the lymphoid lineage (e.g.
RAGI/RAG?2 deficiency, BTK deficiency, X-SCID, ADA-SCID): 223T (2 or 4 target
sequences), possibly in combination with 126T/130aT (2+2 target sequences) or 126T

(2 target sequences).

25  Vectors, such as viral including lentiviral vectors, for transgene expression for gene
transfer and therapy can be engineered with miRNAs target sequence in order to be
recognized by endogenous miRNAs cell endogenous to HSC and HSPC, thus
regulating transgene expression in a subset of cells. Moreover, combinations of
miRNA target sequences can be used to obtain vectors with highly specific cell

30  expression patterns.



thalassemia, glucose-6-phosphate dehydrogenase deficiency, sickle cell disease,..): 130aT (4 target
sequences), or 223T (2 or 4 target sequences). Th&latter target might exhibit some activity (<5x) in
more primitive BFU-E and CFU-E. 20Gene therapy applications which require expression in the
lymphoid lineage (e.g. RAG1/RAG2 deficiency, BTK deficiency, X-SCID, ADA-SCID): 223T (2 or 4
target sequences), possibly in combination with 126T/130aT (2+2 target sequences) or 126T (2 target
sequences). 25Vectors, such as viral including lentiviral vectors, for transgene expression for gene
transfer and thEPSpYasiicEe EndifeBrew it HSIINAstHigempio e HBE S Gidertisperdisifdzed by

endogenous MiRNAsi6RHISRREEAAUSHONERGANHEISR Far tBKIJSAUALRD fEANSgSBE RIRIRRSION in &

subset of cells. Moreover, combinations of miRNA target se%ences can be used to obtain vectors
with highly speeiié éanl sosxpteleaynvprtle die Wi imiae HiEtRE ppeseit dhwsdtgwitémploy,

unless otherwige iHQiQ%eguGH”%%HHRfﬂ@L tgRh r@%l%ﬁl&fl chemistiternaleculas b '!%PQXaHﬁB@éQQiQ'Ogy,
recombinant DNA and immunology, which are within the capabilities of a person of ordinary skill in the

art. Such fechiigjiBe ke Expiafifddch thediiterMandatsed Ok MalRHIRTICIBNRGH A ALY ritsch,
and T. ManiatigaR9, dMeleeuiafifdaningiA Laoersloy,Manuakbeetandkditiop:B0oksstbdi,Cold

Spring Harbor Laboratory Press; Ausubel, F. M. et al. (1995 and periodic_supplements; Current

Protocols in MBI&duRirBi6l8gy, . rericslic seppE Mg wHde ™ HARCARR Yok way Bigdogyee, J.

Crabtree, and ¢y ahy, &%@6,%'%@90& 80HsSRAUERGINY %E?%@i%&%@h@%&?ee}%ﬁ Wiley & 10
Sons; J. M. Polak and James O'D. McGee, 1990, In Situ I?J_:ybridi_zation: Principles and Practice; Oxford

University Pre&ahir. J926aiMaid50! 241984271 g 8 R &3l s ke CRMqUeti it o B8 Press:

D. M. J. Lilley 8p8sJ-JEMPaRIRRrand 98V e dseleanzyooology SRINAyBlidestier avtifciplsthesis
and Physical Analysis of DNA Methods in Enzymology, Academic Press; Using Antibodies : A

Laboratory 15 MarREaCtSer 08 SBEENG . 655 E G sl19Ryid4%4n lgoRueIRai9a 999,

Cold Spring Hayh@tidspb N apay iR e F5 abh Ot 196954 Mi); Antiedias JAR.abskasery, Yiaual by Ed
Harlow (Editor), David Lane (Editor) (1988, Cold Spring Harbor Laboratory Press, ISBN

0-87969-314-JYellests of Fnaymalogy RN SeiusHiFg Fedhdd By ssis Ry gedinalygsghavathi B.

Fernandes (200fANetYRIK N En2PNaee! RekkahidSBdQ-8R4z08R23YNi@nd habRefariiandbook
of Recipes, Rgl\e}lgents, and Other Reference Tools for Use at the Bench, Edited Jane Roskams and
V2

Linda RottyersY288% ‘data8 sty iaseb o dudr R BRIl avs A9 bhens, ELLrEphesPdeneral
texts is herein aarsyaied byfeierenserdlasCrption abke Fd8Te69-544-7); Antibodies : A

Laboratory Manual by Ed Harlow (Editor), David Lane (Editor) (1988, Cold Spring
Harbor Laboratory Press, ISBN 0-87969-314-2), 1855. Handbook of Drug Screening,
edited by Ramakrishna Seethala, Prabhavathi B. Fernandes (2001, New York, NY,
20  Marcel Dekker, ISBN 0-8247-0562-9); and Lab Ref: A Handbook of Recipes,
Reagents, and Other Reference Tools for Use at the Bench, Edited Jane Roskams and
Linda Rodgers, 2002, Cold Spring Harbor Laboratory, ISBN 0-87969-630-3. Each of

these general texts is herein incorporated by reference.

Description of the Figures

25  The present invention will be described further, by way of example only, with
reference to preferred embodiments thereof as illustrated in the accompanying

drawings, in which:

Figure 1. Schematic representation of bidirectional miRNA-regulated lentiviral
reporter vectors. Shown here are representative structures of miRNA regulated

30  bidirectional vectors (Bd.LVs), containing the green fluorescent protein (GFP) as the



25The present invention will be described further, by way of example only, with reference to preferred
embodiments thereof as illustrated in the accompanying drawings, in which: Figure 1. Schematic
representation of bidirectional miRNA-regulated lentiviral reporter vectors. Shown here are
representative structures of miRNA regulated 30bidirectional vectors (Bd.LVs), containing the green
fluorescent protein (GFP) as the 17 miRNA reporter and a truncated form of the human be affinity
nerve growth factor receptor (NGFR) as a constitutively expressed normalizer. While Bd.LV-ctr does

not contain an{PHRIRN ARt sedadheecaisRipynpaf thelnsmagdaeadiint Pemvivereddndsi®ted by the
addition of 4 taelemys Rra0tRiRingidkibaPetisclycacRInreme Nt R IloBni Rv223 ab&RiRsd 26,

respectively. Figure 2. Evaluation of miRNA reporter Bd.LVs in cell lines. a) Quantitative analysis of

miR-223 and rifRIANEAEXpRIENGN @&t teaprasrpgNiR HERIIYT; 2395 728A BdERZ03T TcaRhat

ectopically eXW&?ﬁrﬁ@Bdlgﬁl by ragsgiustion it %&%CQBRHIHW%%H%@if212@;w}9*&fé‘&1§ztf0| ofa
ubiquitous promoter 10 (HEK293T.LV.miR-126). b) Representative FACS analysis of HEK-293T,

U937, HUVECTaRP BTt Wikl 96 Bels! Hanethscdyshith the indicated miRNA regulated
Bd.LVs. Cells are analyzed for GFP "miRNA reporter" and NGFR "normalizer" expression. ¢) Formula

for calculation pighiRNAvakdiaied feldRBP aspmcoBdhe vearterl gels. exessivaiat tiagmiein level
and at the RNA level. Histogr how miR-223 and miR-126 activity i n Iculated as
SFP PR vaueS st @t ISUOL SRS EroRar G RO e HRBOBYL st re 0
Evaluation of rHiRRZY3&pesits BiettVecioplolyl isgagss/kwiane rparrawn{Bid)ihe méathpeieticvstem and
progenitor cells (HSPC Wege transduceﬁ%gith bidirectional ?:I:iRN reporter lentiviral vectors (BdLVs)

for miR-223 af@HiR156, B8 arfi'aHs nte‘dnl%% reCIBIENE mite. PeripR&HaIBiSod REEUF mice
stably engraftq@iib a31$ vVaing2ble B)iRNA-cepattevevBa @R atyaérkiy FATSK 20GRting 3tategy

o R S OB
Representativecgi@iSdamalysissof (GHP arg Mfakyed for GFP “miRNA reporter” and NGFR
“normalizer” expression. ¢) Formula for calculation of miRNA-mediated fold
repression of the reporter gene expression at the protein level and at the RNA level.
15  Histograms show miR-223 and miR-126 activity in cell lines calculated as GFP FR
values at the protein level. Diamonds represent GFP FR at the RNA level.

Figure 3. Evaluation of miRNA reporter BALVs in vivo. Lineage”*" bone marrow
(BM) hematopoietic stem and progenitor cells (HSPC) were transduced with
bidirectional miRNA reporter lentiviral vectors (BdLVs) for miR-223 and miR-126,
20  and transplanted into recipient mice. Peripheral blood cells of mice stably engrafted
with cells carrying the miRNA reporter was analyzed by FACS. a) Gating strategy
used to identify the major leukocyte population from murine peripheral blood:
granulocytes (CD11b+, SSChigh), monocytes (CD11b+, SSClow), B cells (CD19+)
and T cells (CD11b- CD19b-). b) Representative FACS analysis of GFP and NGFR
25  expression within murine peripheral blood subsets. c) GFP FR values (mean +/- SD)
in peripheral blood subpopulations from mice transplanted with HSPC transduced

with either Bd.LV-ctr (n=5), Bd.LV-223T (n=6) or Bd.LV-126T(n=4).

Figure 4: (a) Lineage”*" bone marrow (BM) hematopoietic stem and progenitor cells

30 (HSPC) were transduced with bidirectional miRNA reporter lentiviral vectors



25 expression within murine peripheral blood subsets. c) GFP FR values (mean +/- SD) in peripheral
blood subpopulations from mice transplanted with b SPC transduced with either Bd.LV-ctr (n=5),
Bd.LV-223T (n=6) or Bd.LV-126T(n=4). 18 (BdLVs) and transplanted into lethally irradiated mice.
BdLVs co-express a destabilized GFP (d4GFP) reporter made responsive to a specific miRNA by 4
tandem repeats of a perfectly complementary miRNA target (miRT) sequence, and a truncated NGFR
marker gene (ANGFR). Mice were euthanized 8-12 weeks after 5 transplant, and multiple BM HSPC
subpopulation$ReEréspradde diresylsasstifisdony shmiindpRRE piiras SHBwis (nsexMethatopoietic
stem cells; MP&é%lﬁMe@FPrQQ@GW}S?n%M#&’: ﬁm%ul@gy&%menaﬁﬂegﬁeaﬁb%mm%nﬁor&
GMP: granulocyte-monocyte progenitors; eMEP: early megakaryocyte-erythrocyte progenitors; EP:
erythrocyte prétfeny$5PesISFd 5y PSEREARK ot ALY SHERNYD BxEE CBIRT d eI etABNBdLY (no
miRT or 133aT, 2 MUsCREPRCiGRIRTIRNACARHST BAlYS R MiRHLAG426T) DiReL30R{130aT),
mMiR-196b (196bT), miR-10a (10aT), miR-223 (223T), miR-19a (19aT), miR-93 (93T), miR-17-5p (17T)
and let-7a5(Letramsplant Ipd mubpde Jiab dAsSTe sHRppauikéentrorartharBestividlfsgriritednte as
described in (g} FARBHIRNGIONS 3 RRIEIENIATYE REHGIOIEPULEH LIESHPP- iR bR indicated
BdLV in HSPC of the aforementioned differentiation stages. Bar graphs on the right of each row show
the mean fold PEpgeRERsR (FRIMeM cateumieayiiomargsoieehimeanctitoreseeaeaivrensiiddControl:
n=9; 126T: n=10: . n=4 T =4, d.nz ep C ) = refore
statistics n/a; %@ﬁ%@ (?1:1 ?%Siz%bwﬁ??gﬁ%%?&b rgpl?g%tlﬁec'r; 1%%? n%?%%&%%%égﬁiﬂar 20
n=1 pool of 3 MeeyNLeatisticRl BMPREEhPEIMITRA adtiviRepesrat yesPAGYbplobulahens were

made by @ne way-ARRYA AN BOBIRIEPE RO (ESLEALESHONUTING BRsA§achieraitean BekV group
as the reference (***: p<0.001; **: 0.0l>qp3>0.0 1; *:p<0.05). 25 Figure 5: (a) Hematopoietic activity of 8

MIRNASs as ma8ReEHBYLMe foremRolderehredaion ReR sl itichieaiRySRbI BT miRuiiple cell

populations isq ,frﬁm.tﬁ@@S(Qtemqﬁmcmgi@g@g-nﬁm*'(39 ;ﬁﬁrd.qscs'ggmn Rificngage+ BM
subsets: Pro B: CD19+CD43+; CD43- B: CD19+CD43-; T Lg: CD3+; Mono: CD11b+CD48+; Granu:
CD11b+CD48{L-Bétbhisral Misosrtmeaniption isshbideokdatdismibn &M Crrneplepibicsterk; B

Ly: CD19+; T Ly:dcd23béR)if\ @9 BRIAURN JREARISRIMERG R tive pattern of reporter expression for
15  the indicated BALV in HSPC of the aforementioned differentiation stages. Bar graphs

on the right of each row show the mean fold repression (FR) + sem calculated from
reporter mean fluorescence intensities (Control: n=9; 126T: n=10; 130aT: n=4;
196bT: n=4; 10aT: n=4 except HSC and MPP1 where n=1, therefore statistics n/a;
223T: n=6, of those 5 with an eGFP reporter; 19aT: n=3; 93T: n=2; 17T: n=3; let7aT:

20 n=I1 pool of 3 mice). Statistical comparisons of miRNA activity between HSPC
subpopulations were made by one way Anova and Bonferroni post test correction,
using EPs of each reporter BALV group as the reference (***: p<0.001; **:
0.01>p>0.001; *:p<0.05).

25  Figure 5: (a) Hematopoietic activity of 8 miRNAs as measured by the mean fold
repression (FR) of indicated reporter BAL Vs in multiple cell populations isolated from
transplanted mice. Lineage” BM subsets: as described in Fig4; Lineage’ BM subsets:
Pro B: CD19°CD43"; CD43” B: CD19°CD43"; T Ly: CD3"; Mono: CD11b'CD48";
Granu: CD11b"CD48"; Peripheral blood: Granu: CD11b" side scatter™; Mono:

30 CDI1b" side scatter®; B Ly: CD19"; T Ly: CD3. (b) A combination target sequence
containing 4 copies of miR-130aT and 2 copies of miR-126T (130a/126T; n=4 mice)



containing 4 copies of miR-130aT and 2 copies of miR-126T (130a/126T; n=4 mice) 19 was
compared to either 4 copies of miR-126T (126T; n?%o mice) or 4 copies of miR130aT (130aT; n=4
mice). The bars show the fold repression sem obtained by these miRT sequences in Lineage marker
negative bone marrow populations (legend as in Fig.4) and in peripheral blood leukocytes. Note that
the 130a/126T achieves a better 5 repression in HSC than 126T alone, while background repression in
PB leukocytes is reduced. Figure 6: Regulating the expression of a suicide gene by miRNA target

sequences. ()RR R EEsE AR Soth PR &A1 him=1 2mipeR 0P F3caRiee- 20811Br miR- 10
L30a were addagje pdgsiabliaahilymigiinass @ RiragseabMonedietigobeqibiel suicide

vectors (right half of each vector drawing) were used for (b), bidirectional suicide vectors
coupling a GFPRArkequentss mikNpegeduialed Mgabr ahMNGERIMATRepdatienC0agwsIdns Were used

in (c). (b) LineggeAow HRRCNGLR BRRAUCaE L IR dndigatasl danidrs P IR, 809 Blatgd +/-
gancyclovir (GCV) in 15 semisolid medium (LV-GFP: n=2; CTRL-TK: n=8; TK-142T: n=4; TK-223T:

n=6; TK-126T IepigssTe IBOEC Hiep) 1 A6tE ek, ieilslrntiarenidysmrsferin EMlakyeecsu-GM)
and erythroid (Bflld3, CFU-E) colonies was counted. Box and whiskers plots show the colony number
in the cultures containing GCV divided by the colony count in respective control cultures without GCV
(10th-90th percentile). The 20 'no GCV' data point shows plating variability (colony count of each

non-GCV treateg Ul Qivigesiy s JRean coleny ¢auptehatb NaN A e et GuliEe S(ah =26)-

Statistical comparisons were made against the GCV-treated, LV-GFP group; its, not significantly

different; **, 0.00REpsegupncespprtectiy co@plamsatiay/ MR B¢ onRE345 miRnike wersikansduced

either witfya Tieanial veriQr &Nﬁﬁﬁéﬂﬁ%‘ﬁg’ﬁﬁ"dﬁ% mlﬁ’s\ég'd‘?ﬁ‘)' IRedchis VerIRb dfrkchomarked;
Exp#1: TK.126T; Exp#2: TK.142T). LV.NGFR/Control TK- and LV.GFP/TK-millT- transduced cells

were mixed in utivirghipieide treaspraiiehtihtdf ocbessh ¥ edpigdiaiv nge evaisicrod dps tRlateldiigith GCV

(Exp#1: n=6 micéExtiar Qicideicadas %—&@@%aﬁmxﬂhﬁ%ﬁ ROl traReRlanRbATRH yireated
(Exp#1: n=4; Exp#2: n=3). Representative FACS plots show 30 GFP/NGFR chimerism within CD45.1+

donor cells. GApNSSHoMAHE it GPtek Ik reEsing ¢ and Witk Hacgesrseic et ortitelerived
cells in the blogdfofth@ ¥fh the indicated lentiviral vectors, and plated +/- gancyclovir (GCV) in

15  semisolid medium (LV-GFP: n=2; CTRL-TK: n=8; TK-142T: n=4; TK-223T: n=6;
TK-126T: n=4; TK-130aT: n=2). After 10d, the number of myeloid (CFU-GM, CFU-
G, CFU-GM) and erythroid (BFU-E, CFU-E) colonies was counted. Box and
whiskers plots show the colony number in the cultures containing GCV divided by the
colony count in respective control cultures without GCV (10th-90th percentile). The
20  'no GCV' data point shows plating variability (colony count of each non-GCV treated
culture divided by the mean colony count of all non-GCV treated cultures; n=26).
Statistical comparisons were made against the GCV-treated, LV-GFP group; ns, not
significantly different; **, 0.001<p<0.01: *** p<0.001. (c¢) Lineage-/low HSPC from
CD45.1+ mice were transduced either with a TK control vector (NGFR-marked) or a
25 miRNA-regulated TK vector (GFP-marked; Exp#l1: TK.126T; Exp#2: TK.142T).
LV.NGFR/Control TK- and LV.GFP/TK-miRT- transduced cells were mixed in a 1:1
ratio and transplanted into CD45.2+ congenic mice which were treated with GCV
(Exp#1: n=6 mice; Exp#2: n=5 mice) for 7-14d starting at day 3 post-transplant, or
left untreated (Exp#1: n=4; Exp#2: n=3). Representative FACS plots show
30  GFP/NGFR chimerism within CD45.1+ donor cells. Graphs show the fraction of

GFP-expressing cells within the transduced, donor-derived cells in the blood for the



GCV treated (red) and untreated (black) mice, for each blood cell type over a 7-8 month time period.
Note that significantly more cells are GFP+ in the GCV group (***: p<0.001, 2-way Anova), indicating
protection from suicide and selective advantage of HSC transduced by GFP/TK.126T or
GFP/TK.142T. Thus, the miR- 5 126T sequence added to a transgene overcomes HSPC toxicity
arising from highly toxic transgenes even when expressed from ubiquitous promoters, carrying
significant potential to improve the safety and efficacy of HSPC-based gene therapy. Furthermore,

these results foHnaIs3Feddht FRuItsasdhlack) Big-tdpmcsabrale sRBhiaRspBIstcAsTetn cells as

dgmonstrated %ﬂﬁ%&ﬁ%@%@pw&% %@ﬁﬁ?@ﬁtﬁ%ﬁe%eﬁ@ 11% @ﬂﬁiﬁﬁsﬁthﬁ: @lely Q()ﬁfsploiting
miR-126 regulation for gene therapy, a transgenic mouse line containing a miR-126 reporter (Tg.126T)
|ﬁ$eQQ

was created by micréimielibn Hitme ihisiratedndietist Pesineifspatedt Aljordestes 15

analysis of thea@%&@cz@@@i@"l‘l@@%ﬂ&hﬁ@&'h anPYLNIC MiFe SemppaiRiep that REPrXRIgRSION Was
lowest in Kit+Sca+Lineage marker- (KSL) cells (blue graph in histogram plot), while GFP expression

switched on inlRATSEaUSRE rIdeshitdrR thatsean@YedyrssHintfistoyidhy protngipaibebhrg.126T

mice and contigk G HRHSARGERIEMNEEINGS MBS SR I LRIRVIRIB IR Of 4R iYRid MG dgRorter in
the 20 indicated HSPC subpopulations (mean sem, n=10 Tg.126T mice; ***. p<0.001; **:

0.01>p>0.001 R ARdRPERY. (H)wtdrsasattceclaraiingtivd kHEcksst IR faPAHRY1 26
manifest significafiembponiedethalitdys tRagoinaeriaidriestr- Preedingcave Tig. 13ad-cetany
resulted in normal litter size and an expected vector copy number (VCN) distribution in the offspring

reflecting the GHE'8fiRE HaraHRNDSigetertishS st JeatimyttRtadniuar AW igelsEBARAHIR- 126 T
sequenceg fromsa,PGK promoter did not interfere with the regulation of natural miR-126 targets during

development. (c) BM cells from CD45.2+ Tg126T mice and CD45.1+ wild-type (WT) mice were
enriched for HSPC by positive selection for CD117 and competitively transplanted (1:1 ratio) into

lethally irradiateid (A5 2 Tie aiRIRRESthR T4 et TaNsRoTiRh 30 RUCER WesgIied toresmanintprvals, and
CDA45.1/CD45.2 chimerism was determined in the variouséperipheral blood cell lineages (Granu:

CD11b+side sEafRHRMMENTOWE EPA FAGHENEATBIR-B2LlP e 612+ s e ST 8 d¥e data
indicate that tharerisrjecapicstatile thesaprdtic windewHonsalakkaxplefing miRysfetegulation. Figure

8 A CDI%4+ |;t|nSaF1)ycs:i\SN((;:.fr ?h%ubr(i)frileedn];g?rrgvy L(J)rfna}l]r(l)lfgé’d aglﬁ‘? S[jregl%ggnailg (Enice demonstrated that GFP
expression was lowest in Kit'Sca Lineage marker (KSL) cells (blue graph in
histogram plot), while GFP expression switched on in Kit"ScaLin” progenitors (black
and red graph in histogram plot). GFP MFI of Tg.126T mice and control GFP
transgenic mice was measured to calculate the FR of the miR-126 reporter in the

20  indicated HSPC subpopulations (mean * sem, n=10 Tg.126T mice; ***: p<0.001; **:
0.01>p>0.001 as compared to EP). (b) Whereas mice carrying two knockout alleles
for miR-126 manifest significant embryonic lethality due to angiogenic defects,
breeding our Tg.126T colony resulted in normal litter size and an expected vector
copy number (VCN) distribution in the offspring reflecting the one of the parental

25  generation, suggesting that moderate expression of miR-126T sequences from a PGK
promoter did not interfere with the regulation of natural miR-126 targets during
development. (c) BM cells from CD45.2" Tg126T mice and CD45.1" wild-type (WT)
mice were enriched for HSPC by positive selection for CD117 and competitively
transplanted (1:1 ratio) into lethally irradiated CD45.2" recipients (n=4). Transplanted

30  mice were bled in regular intervals, and CD45.1/CD45.2 chimerism was determined

in the various peripheral blood cell lineages (Granu: CD11b'side scatter™; Mono:



5 transduced with the Control-BdLV (Control) or miRNA reporter BdLVs for miR-126 (126T), miR-130a
(130aT) or miR-223 (223T) (n=3 biological replicatgi per group). Cells were kept in liquid culture under
conditions supporting the short-term maintenance 6f HSPC, and BdLV marker expression was
measured 2 days post transduction in CD34+CD38- HSPC and CD34+CD38+ progenitors (first 2
columns on 10 the left). Cells were then differentiated, either in liquid culture for 6 days (CD34- CD38+
cells; middle column), or in semisolid medium for 16 dah/s (CD13+ myeloid cells, CD235+ erythroid

cells). Represéritiestlecentitsts abecshsnnDBRr: gr£5Hs: Srhe - bhitsmdstbipdaalstiiehtiicor

miR-126, miR130& AMskAR: A3t/ 40 TBFRERIYR SHBRARURICNS d Rziiawean fold repression
+/- sem; **, 0.001<p<0.01: 15 *** p<0.001). (B) Cord blood CD34+ cells were transduced with control-
or miRNA regulated bidirectional suicide vectors containing miRNA target sequences for miR223

(TK-223T) or miRai2&(T] 263 seerplpe Figke Cgh,rﬁﬂ:q PIRIRA i @sdRpidpdayedRligate, either
in the presence or the absence of the pro-drug (ICY. The number of GFP+ erythroid (CFU-E, BFU-E)
or myeloid (Cﬁ@@@?@%}léﬁp@mybﬁé&?fgrﬁ@wgé)é&dﬁ%@&fﬂr%V?é@é‘lﬁfétfﬁ@ R41R8rmalized

to the num_bergﬁ%mﬁ%melm&l?a@Iwﬁnﬁ%@qmmst?% 91@r§g$mwe%ﬂ@_are%€(b&-§mug)_. _
thepercentile. (ICY completely prevented growth of CTR-TK transduced colonies. CQE) ombinations of
miR-126T and RIR- 15T katiudhche Ui+ £ UHED 4 ¢ahdetPEaatS URAGSEREVARF), SOTRATES 2

tandem repeats Qhidind< OF APEWER IRNATREAQ NS prROGSAVARh<R #881N Mllizipg¢ tandem

repeats of miR-126T or miR-130aT, respectively. Human,cord blood cells were transduced with the

respective repSABTBEIYS AR IGIE M eHSBh andHel/dfdrias v QrstatATmEHSha S BRI

stem/proggnitqr £t NSO AL CIMRG It e Meg enitR[useBRAFN g5t (CRFI(ED3F+) 2 days
post transduction, as well as in the myeloid progeny (CD 13+@Aand erythroid SOGI%% eny (CD235+)

10-14 days poSttnsifliciion e e oty ts) t98eadatetarn fargkisyand 1D8 /1308 id+2
targets) suppresgqualysvelyihihie SQEy PRRPEAatdd FACS plots are shown. Bar graphs on

the bottom show quantification of miR-126, miR-130a and miR-223 activity in the
respective subpopulations (n=3; mean fold repression +/- sem; **, 0.001<p<0.01:
15 *** p<0.001). (B) Cord blood CD34" cells were transduced with control- or miRNA
regulated bidirectional suicide vectors containing miRNA target sequences for miR-
223 (TK-223T) or miR-126 (TK-126T, see also Figure 2), and plated in CFC assays
in quadruplicate, either in the presence or the absence of the pro-drug GCV. The
number of GFP" erythroid (CFU-E, BFU-E) or myeloid (CFU-G, CFU-M, CFU-GM)
20  colonies was counted 14 days after plating, and normalized to the number counted in
the 'no GCV' culture. Box and whiskers plots show 10™-90™ percentile. GCV
completely prevented growth of CTR-TK transduced colonies. (C) Combinations of
miR-126T and miR-130aT sequences (4+4 and 2+2 tandem repeats, respectively), as
well as 2 tandem repeats of miR-126T alone were compared to the standard miRT
25  design utilizing 4 tandem repeats of miR-126T or miR-130aT, respectively. Human
cord blood cells were transduced with the respective reporter BALVs, and fold
repression of the reporter was determined in the primitive stem/progenitor
compartment (CD34+CD38-) and the progenitor compartment (CD34+CD38+) 2
days post transduction, as well as in the myeloid progeny (CD13+) and erythroid
30 progeny (CD235+) 10-14 days post transduction. 126T (4 targets), 126T/130aT (4+4
targets) and 126T/130aT (2+2 targets) suppress equally well in the stem/progenitor



compartment. However, 126T/130aT (4+4 targets) has a higher background suppressive activity in the
myeloid progeny. (D) Suppressive activity of 126T Azltargets), 126T/130aT (2+2 targets) and 126T (2
targets) in the primitive compartment (as in C), and’in late myeloid differentiation stages (myelocytes:
CD11b+/CD16-; 5 metamyelocytes: CD1 Ib+/CD16+/SSClow; granulocytes: CD11b+/CD16+/SSChigh)
upon G-CSF induced in vitro differentiation. Differentiation stages were verified on
May-Griinwald/Giemsa stained cytospin samples from the culture. The regulation index (right graph) is

calculated by GRABRAE ol REsioh2 6T thadak pettite Wit In e D igheDiackaeminhultipotent
compartment by, s falrapiession imdAmalmyplRRResINe hsstirleass)al ransagne@xpression

in the myeloid progeny is obtained by 126T (2 targets , While suppression in the stem/progenitor

compartment iSL&skat 16T AR (Pt Eegts sRg AN s 62 Bhgs Eeid {BerpBmitiy targeRIERent
126T/130aT (%42 taejskndagarding e latierR (et Seuersem e 11 30aD (26 2/ tandets) is

preferable over 126T (4 targets), as it offers the béglfgest regulation index. 15 Furthermore, transgene

downregufatioMRUREEIRSY B85 S AEREISdEH IIRNRY,; tenHe s of iR refing IithSeidbgBhous

MIiRNA regulayiggisiuribenigaucesh Vitrs ingrersingisalatimreeiitacyebibeiRierifdgwe 9-
Lysosomal enzyme over-((%?ression in HSPC Enzyme expression level, 20 normalized to wild type, in

MHSPC (A) atdRHSBENE GHem 2 stRar SRR G 2rep R presgidhenad ¥ignifiBanifp YA as
compared to ARRA FASHID& A IGUIG A1 P aed; {unalohof BIHrReESRE spamLésprediated GALC
expression. (A) CFC assay on mHSPC transduced with GALC and control LV. The number (#) of
colonies/plate [ RdftiAxRe EIMHHSGRAs Si5tHPaRI PRIt RRBEMER IS dhatdeld epE sifedicell

(VEN)(Y fight aadeBRcpRs. MBasesete@ileCdiV iirsab eRpreks BT BRE: (Ryzbaipaarapdent

experiments) produced a significantly lower number of colonies as compared to GFP.LV (n = 10) and

ARSA.LV (n =B85 8% e CARLHMERImPRIFI GO of S SRR REH AT SPRERFs Hnsduced
with the mirl42§ 3k GelV 10T G4 *BreON1 ionne-Way dnayartar koth Teamber afgalgnied/plate 30

and VCN. Mean values SD are shown. Similar results were obtained with -/- and 23 +/+ mHSPC. (B)

GALC activity r@dslt8a o traidgsidatrsrspes RedrishLearsPlssnuanttiod WAL %  (ekéon -1-) (n
=5) and GALCarige(d)akeprfelid N ov&) MESRCishewpdai? dleringrease:itGélufaastivitiabove wild

type levels (+1+ mHSPC transduced with GFP.LV, n = 5). No increase in activity was detected in 5

MHSPC transd iR RSP FEBHSENESHPE | O tHiF #¥P) (ficpggdent mIRNAS, and the

risk of interfering with endogenous miRNA regulation is further reduced, thus

increasing safety and efficacy of the miRT.

Figure 9. Lysosomal enzyme over-expression in HSPC. Enzyme expression level,
20  normalized to wild type, in mHSPC (A) and hHSPC (B) upon LV transduction.
GALC expression was significantly lower as compared to ARSA and IDUA.

Figure 10. Impaired function of murine HSPC upon LV-mediated GALC expression.
(A) CFC assay on mHSPC transduced with GALC and control LV. The number (#) of
colonies/plate (Y left axis, columns) was counted and the number of integrated LV
25  copies/cell (VCN)(Y right axis, dots) was measured. GALC.LV transduced -/-
mHSPC (n = 12 independent experiments) produced a significantly lower number of
colonies as compared to GFP.LV (n = 10) and ARSA.LV (n = 8) transduced cells.
This impairment was not observed when mHSPC were transduced with the mirl42T
GALC.LV (n = 6). * p<0.00l at one-Way Anova for both number of colonies/plate

30 and VCN. Mean values = SD are shown. Similar results were obtained with -/- and



Figure 11. Impaired function of human HSPC upon LV-mediated GALC expression. (A) CFC assay on
hHSPC transduced with GALC and control LV. The humber (#) of colonies/plate (Y left axis, columns)
was counted and the number of integrated LV copi€s/cell (VCN)(Y right axis, dots) was measured.
GALC.LV transduced n.d. (n =10 4) and GLD hHSPC (n = 4) showed a significant impairment in
colony formation as compared to control cells (n = 5), which was not observed following mirl42T
GALC.LV transduction (n = 4). Colonies obtained from GALC.LV transduced hHSPC showed a
significantly lower CedRbfiAVherrtisipaIR G rp ramsiireh it AMften/ Eoktrals * p<0.001

at One-Way ApgyadfRiiBatisha cumbengteelonie pLagf angl ¥&NeMeanwalugs SR)ars shayn. (B)
GALC activity measured on transduced hHSPC. GALC.LV transduction permitted the reconstitution of

GALC activity B8 Gethawsd aLD lfsipergpse 1), WhiE tastisdcabaver Wit mepsPevels <%/ for CB and

n= 3 for |_3|V|) |§ﬂ_{tSP@’ %aﬁ%ﬂl@&ﬁ!%@fd@?.ﬁﬂéymé aHoxe @I'fc?ehéé Ffﬁ%%ﬁ?dv!ﬁy‘%létéetéd% NO_
increase in actlvg)é was detected in hHHSPC 20 transduced with a mir142 regulated GALC.LV (mirl42T)

(n = 3). FigureMHSE(riaIdcasiwike tpgAHseated (BHhehdicHspteEetitatidh of GFP.LV and
GALC.LV. (B) Mean survival of twi mice receiving HSCT. Twi mice transplanted with total BM (TBM) (n

= 12) or with GRiute/1transguiced fuhttidd SPuane HsransshiceV Seadipted SR dprlRdidon +1+ Lin- &
+1+ Scal-, n = 7) or. with 25 GF ansduced +1+ PC and GFP.LV transduced Scal-
progenitors (G .ég&fisﬂnqn&ﬁ;ég L AR (‘iia‘f‘-’}thn%?“g%ﬂg\fé)&tﬁ%g‘e suild rcéri%red to
untreated conteolsr{iddplne=(Y0)eMisasiaeriviig)GilsCdid transduteomlmbetSHG e atdd ISeal-
progenitors (n = 7) sho ignificantly .higher lifespan respect.to TBM or +1+ Lin- & Scal-
ransplanted NTESET e KNty S LTI BTSRRI A scal (n =
13) did nod resdjtandaErdlditgerC2 dnlifespalio sahirelggiticps: imipstiduns itaoddshyifbriadtiuh Ws
transduced +1+ HSPCd(+1+ Lirtl- (n 5 102; nlicg)tra s%anted Witth %FP.L (t)fPagsduced +é+ j.cal-
progenitors (n Czogﬁl?a'r%<dfbf%5 eg\‘?\/lgy Rnovd/tedt )Eé%?)l’lé%elg ast?\l}\ée\él lﬁmﬂﬁgfﬂﬁf rcentage
of GFP+ engrafitad Cdll¥ inrinedpetiphefal blahd Chiohidsmehismedrsphantealwithb GhRdiéddansduced
+1+ mHSPC I- progenitors. Figure 13. Impaired in vivo function of mHSPC in FVB/twi mice.
Vean survival DG rSLER g o e Sl aon, S8 heh ARG WIEB B Rect it
GFP.LV transduERARSAGISRGHin 14 2111 ) dchievedl dorigpxduitrival adwsWaarechty arfisedieth controls
(UT); on the contrary, -/ (n=9 +/- ~ ice 10 transplanted with \/ transduced -/-
ARG b ndb T SSPRA R Ao 2 e VR ST et Lo e BUER - or -
mice transplantedswithl thie trstadurid SIPIS T atstiuCddVivitin&GiE Goh WeoomGeP bW reda2Gtantdoh20 days

post transplant (n-= 3 time point). ()+/{- host. () Simi s were obtained using +/+ mHSPC. 15
Figure 14. ApooéfoGsisi c?? &A%Eye%p%éés%\éet%%ﬁl%ﬂgﬁé Etﬁ#haﬁﬁsgb“&@ﬁ) C%%%é’y 8ﬁ1‘-/-
MHSPC (left) ARSRASIPE 4righ{ramimd: ERaBYEGL0 BMYat &prdstodaySiaftenayaneadvansfer. % of

TUNEL+ nuclei the total number.of nucleated cells is reported.. 8 fields.and, 100 c st re
rountad comaia A g e S B e Ly
transduc2d m-teandd20ddHER@ wield 2TidNiEltqddStil€ B at243mal @t 5 Bays after transduction. (B)

TUNEL assay (red) gnd T_oPro(T_PII_I, blue) staining for nu_clei.on m- and hHSPC at 2 anq (mHSPC)
days after tra“?%‘f@‘i'i!.%‘ﬁ?vﬁ@ﬁl'@ﬁlﬁ%%%\ég[i%%fﬁgﬁ)ﬁégﬂ Q IMNAGRR (BIAGRAMESE AEarBacoy

three-laser confocal microscope - Radiance ; fluorescent signals from single optical
sections were sedueAtdiiy-dcqlitedMaen survival of twi mice receiving HSCT. Twi mice

transplanted with total BM (TBM) (n = 12) or with GFP.LV transduced +1+ mHSPC
and untransduced Scal-progenitors (GFP.LV +1+ Lin- & +1+ Scal-, n = 7) or with
25  GFP.LV transduced +1+ mHSPC and GFP.LV transduced Scal- progenitors (GFP.LV
+1+ Lin- & GFP.LV +1+ Scal-, n = 5) achieved longer survival as compared to
untreated controls (UT) (n = 10). Mice receiving GALC.LV transduced -I-mHSPC
and +1+ Scal- progenitors (n = 7) showed a significantly higher lifespan respect to
TBM or +1+ Lin- & Scal- transplanted mice. On the contrary, transplantation with
30  GALC.LV transduced -I- Lin- & -I- Scal- (n = 13) did not result in a prolonged



25 analyzed by Adobe Photoshop CS software; magnification 100x). (C) Cytofluorimetric analysis of
Annexin V staining on m- (top panels)(from -/- dongr mice) and hHSPC (bottom panels)(from n.d. CB).
The fraction of apoptotic cells is higher among GA &.LV transduced mHSPC and hHSPC as
compared to GFPtransduced controls. CMT = Camptotecin treated positive control. Acquisition was 30
performed with FACS Calibur 2, Beckton Dickinson. At least 10,000 events were 25 scored and data
were processed by FlowJo 8.5.3 software. Data from -/- mMHSPC and n.d. CB (and GLD BM for
TUNEL) are shBtrRabUe Svirhermirigaiaretdsplaied vellbWiiy Sataiised ddioR DF ¢ (+ mHSPC as

compared to - gejlgrand i, b BMiPUNES ARE SrPaXin dandmst &P BRLANRSSIMYOIEISPC as
compared to CB 5cells. Figure 15. IGF1 treatmenté)revents apoptosis of GALC expressing HSPC. (A)

CFC assay onSGALCPWARH mrIYey v Rirististdd hilsatsesniatrs it 1B Wits [BEPE s Stimber (#)

of colonies/plagg (Yrgeft éﬁgﬁxt’@&f SéeYYﬁ%P%E?&iBH&éh%l%m e raof\mt%%ﬁég‘iﬂﬁ%\féﬁﬁlﬁe&ﬁ%
copies/cell (VCngéY g(ght axis, dots) was measured. IGF 1 10 treatment induced growth of a higher

colony nutbeGER-EdmijsardtaeicAT PV RfaARd deal brngeatoiscells (n = 4 independent
experiments). Upon anti-apoptotic treatment, the VCN of GALC.LV transduced cells approached that

of ARSA.LV transdeces] haphiedCalls/{for faathiaRE misper aneVEZN omecyV ayl énavay ival p£0.001 for

the comparison of treated. GAL sduced mHSPC with untreated 15 GALC.LV fransduced cells;
050,05 for the EAARREHG THANE GHREEP L HAOE N Eb e it AR SATTY ALt BBl o).

(B) The colonieggrbwnifinsdiceatet-nmiSPC gise Snguekiardkregaesindize (Riciongsd the right,
magnification 5x).(C) TUNEL assay on GALC.LV and ARSA.LV-transdyced mHSPC treated or not
with 1GF1. 8 FOIECAIA TOOEEs DT (Bl WMo T8 e raBbry o B0 et BSfe wore
negative for Thiksplianer \Wagh AGAvaC. p¥0.00dsfocsde-compisROndidtmoneatied GAdrClétial
transduced cells; >0.05,E%Mh C ari %%AREQ.LV tr g;lju e ceJIrI ). (f GAI%% a%ti ity
mensured on FNCAURBUI RIS VI b - Ria ) G R REr: S T ARSIy et
GALC expressidrthlgwelés(ed 3] SHE itconjpaddwolrarddided onté@ed/gantzolarda £26)dMjean values
25 SD are shown, Figure 16. Analysis of Cathepsi ctjyation .in transduced cells. Western blot
analyets for CATSBIEN Cep 055 CRTL LY e S S e 05 LA S AMBrent

intervals after genenti8i€fer, as indicated. Activated form corresponds to 301cDa membrane bound
isoform, as indicated by arrow. No

15  Figure 14. Apoptosis of GALC expressing murine and human HSPC. (A-B)TUNEL
assay on -/- mHSPC (left) and hHSPC (right)(from n.d. CB and GLD BM) at 2 and 5
days after gene transfer. % of TUNEL+ nuclei over the total number of nucleated
cells is reported. 8 fields and 100 cells were counted condition. Similar results were
obtained using +/+ mHSPC. (A) The large majority of GALC.LV transduced m- and

20  hHSPC were TUNEL positive both at 2 and at 5 days after transduction. (B) TUNEL
assay (red) and ToPro(TPIII, blue) staining for nuclei on m- and hHSPC at 2 and
(mHSPC) days after transduction with the indicated LV: representative images
(images were acquired by three-laser confocal microscope - Radiance 2100, BioRad;
fluorescent signals from single optical sections were sequentially acquired and

25 analyzed by Adobe Photoshop CS software; magnification 100x). (C)
Cytofluorimetric analysis of Annexin V staining on m- (top panels)(from -/- donor
mice) and hHSPC (bottom panels)(from n.d. CB). The fraction of apoptotic cells is
higher among GALC.LV transduced mHSPC and hHSPC as compared to GFP-
transduced controls. CMT = Camptotecin treated positive control. Acquisition was

30 performed with FACS Calibur 2, Beckton Dickinson. At least 10,000 events were



30 significant accumulation of the active form of Cathepsin D was observed in 26 GALC.LV
transduced cells after gene transfer, compared to GFP.LV transduced cells. The precursor (481cDa,
arrow) accumulated in GFP-transduced cells after 7 days of culture (GFP 7d), while its accumulation
was less pronounced in the presence of GALC (GALC 5d), culminating with disappearance of both the
precursor and mature 5forms after 7 days. An anti -actin was used as control for protein loading.
Figure 17. Basal GALC activity in different cell types. Basal GALC activity normalized to wild type

MHSPC level. BotpdoHit safannerey P enrged on a3 (i - sofiidemidagiiani& M wanda higher

GALC activity ﬁ%.C@BF?fﬁddQﬁ‘héWf%r FIgNE LPareRiMDLIR GAkS: IR ERKe GpEessianda myeloid
cells. Results from 10 TUNEL assay (% TUNEL+ cells over the total nucleated cells, on Y left axis,

bars), GALC atelsyinateikatiortyptienight axeiHRs) arprmsssigessivelvamldad sBings,

performed on (A humagnotedesPidieanoneaticasnan ¢8llHinePd(G) wﬁmémsr@@ages and
D) murine micro%ﬂlia, 5 days after transduction. In all tested conditions, TUNEL staining demonstrated

the occurrenc€dtsminor/no 15 apoptosis (> 6 fields and > 250 cells were counted per condition),
despite efficient transduction (evaluated by anti-HA staining on macrophages in (C)) and sustained
GALC expressipguadoyeliasatiersisnnprivibiesoipepiesinples MRSAIrYssareGEP.CVitansteced cells),

CALCIGALC R DS I 204 L AR AN SED DR LTI ) g bere
apquired py thr@@lwe(#)oafocabm@pMep(e{(‘Frﬁdiam;a BAOP ,vBio Raah tdd uaié sbe nhsigval sofrom
Viagnication: BETIEY F00% M BeHULE TS SUrGNY o ALt B3 B gPeRiEn i Dimphocytes.
Results from 2Nt lirkigey GoWMINGL+ daliscoveldhe wialricleatednpetis] o GlafiCakie, bars),
ransduotion, 1ORALSEh NG Bekn St tho DREHERER 5FRABINS Dt (AP HEIdtcnd > 250
cells were coutitathpsit,cdrditianN, o spie @ffivientisdosediciidin (ggedhehsdstaned GREA expression
above basal let\%grllsszlu'}:/le%ago% rgﬁlggfs S(Pora rﬁoﬁ?% number and VCN one-Way Anova: * =
p<0.001 for the comparison of treated GALC transduced mHSPC with untreated
15 GALC.LV transduced cells; p>0.05 for the comparison of treated GALC.LV
transduced mHSPC with ARSA.LV transduced cells). (B) The colonies grown from
treated mHSPC also showed an increase in size (pictures on the right, magnification
5x).(C) TUNEL assay on GALC.LV and ARSA.LV-transduced mHSPC treated or
not with IGF1. 8§ fields and 100 cells were counted condition. The large majority of
20  treated cells were negative for TUNEL (one-Way Anova: p<0.001 for the comparison
with untreated GALC.LV transduced cells; p>0.05 for the comparison with
ARSA.LV transduced cells). (D) GALC activity measured on transduced mHSPC
from -/- or +/+ mice. IGF1 treatment did not significantly affect GALC expression
levels (n = 3) when compared to transduced untreated controls (n = 6). Mean values

25 SD are shown.

Figure 16. Analysis of Cathepsin D activation in transduced cells. Western blot
analysis for Cathepsin D on GFP.LV or GALC.LV transduced mHSPC and U937
cells at different intervals after gene transfer, as indicated. Activated form
corresponds to 30kDa membrane bound isoform, as indicated by arrow. No

30  significant accumulation of the active form of Cathepsin D was observed in



27 Figure 20. Sensitivity to GALC de novo expression in oligodendrocytes. (A) TUNEL assay (%
TUNEL+ cells over the total nucleated cells, on Y I%t axis, bars), GALC activity determination (on Y
right axis, dots), performed 5 days after transduction. TUNEL staining demonstrated the occurrence of
minor/no apoptosis (76 fields and? 5250 cells were counted per condition), despite efficient
transduction (see the sustained GALC expression above basal levels). Mean values SD are shown.

(B) Representative images of TUNEL assay on GALC.LV or GFP.LV transduced oligodendrocytes.
The purity of th&"dHgddeiarseveed rsHaitRremssimasfiaacai e s G BRI drasdrnsg eslls.

non-transduceggefis.(EbryhlRImiciAga Wasiaiained Wttt FA{8R.08GAC Y transguced cells;

ToPro(TPIII) was used to stain nuclei. Images were acquired by three-laser confocal microscope

(Radiance 2100 8iSR&HP Fldbraditnisigsarsmiigingrs dpticareaiiisd e rdsduesntal9facquired

and analyzed @A&@F@Aﬁf@t%)bgﬁlfﬁ%aﬁﬂ?%@r Magpiicatians B HHiRu R drBealatignRf GALC
expression by miRNA 126. (A) Schematic 15 representation of GALC.miRNAI26Tag.LV. (B-C) GALC

activity asSay e REERE SRy HEHRMERGH  anrsebes fapEel fos rieindodingniRNAI26 Tag. LV
(GALC.126miT) or with GALC.LV or GFP.miRNAI26Tag.LV. (B) Activity was normalized respect to
+1+ levels (firstigatemt), Galsitranrsgdocadiwith GAIJXHERNARD Ttagek.V Byail-eZpIESS LeAl46, at

supraphysiological levels. (C). The 20 #) of cqlonies/plate (Y left axis, bars) was counted and
the number of IEUHAER G AT eEibl s e FCOCRAY Mgt O e A 8
Repression of §AhCreixpsghsian-hy) shBNA 2t flleweh gowtidfyeabighapaelbrymHSREer, as
compared to GALC.LV transduced cells (n =4 independent experiments). * p<0.01 at one-Way Anova

TUNEL aseay DERAL L MR AR o o Lot R e e
mHSPC._lﬂ 8 fiEldBTEhdffB%d%eﬁ@%&ﬂ@cm]medqnéhgmltmmlaan@ilaﬁy@, roiBritgfiodixis, bars),
S T sl e T By GOSN el
mHSPC-/- 5 da@r@m@f, performed on (A) human monocytes, (B) the monocytic human cell line
U(C) murine macrophages and D) murine microglia, 5 days after transduction. In all
tested conditions, TUNEL staining demonstrated the occurrence of minor/no
15  apoptosis (> 6 fields and > 250 cells were counted per condition), despite efficient
transduction (evaluated by anti-HA staining on macrophages in (C)) and sustained
GALC expression above basal levels in all the other samples (ARSA.LV- or GFP.LV-
transduced cells), were obtained. Mean values + SD are shown. (C and D)
Representative images of TUNEL assay on GALC/GALC-HA.LV or GFP.LV
20  transduced macrophages (C) and microglia (D). Images were acquired by three-laser
confocal microscope (Radiance 2100, BioRad). Fluorescent signals from single
optical sections were sequentially acquired and analyzed by Adobe Photoshop CS
software. Magnification: 80x in C, IOOx in D.

Figure 19. Sensitivity to GALC de novo expression in lymphocytes. Results from
25 TUNEL assay (% TUNEL+ cells over the total nucleated cells, on Y left axis, bars),
GALC activity determination (on Y right axis, dots), performed on T and B
lymphocytes, 5 days after transduction. TUNEL staining demonstrated the occurrence
of minor/no apoptosis (> 6 fields and > 250 cells were counted per condition), despite
efficient transduction (see the sustained GALC expression above basal levels). Mean

30  wvalues £+ SD are shown.



28 transduction: representative images (images were acquired by three-laser confocal microscope -
Radiance 2100, BioRad; fluorescent signals from Sé'ggle optical sections were sequentially acquired
and analyzed by Adobe Photoshop CS software; magnification 40x). 5 Figure 23. Toxicity of de novo
GALC expression in HSPC and rescue by miR-126 regulation. The indicated LVs (A) were used to
transduce murine and human HSPC obtained from Galc-I- (-1-) and wild type (+1+) mice, as well as
cord blood (CB) and bone 10 marrow é&%ﬁom normal donors, respectively. GALC activity (B) and
vector copy n £ AlcRaneayiRsre AV ENATGHTO i aHEpteRdiog B the didtiided murine

(top panels) andshyumanioRitam panels)di BRGHRPAIRIHRIR fEaR) dh andt/ AdiSBSGgresaqwn in top

panel C). (D) The number (#) of colonies retrieved from clonc;?enic assays (CFC) performed at the end

of transductiorRitAthdsisERARIPR oS oA igtrids./dpish paHensddhdmar {SstERSPRAENHSPC is

reported. (E) Tﬂﬂ@@%ﬁﬁﬂ’g%ﬁ%ﬁﬁfﬂﬂ&ﬂt%%&%ﬂ%eﬁ@@&fﬁ&mi% ithithe-igdicpiedid\son murine
-/- HSPC (top E%r);]el) and CD34+ cells from normal donors' CB and BM (bottom panel). The frequency

of apoptosis afsheftiansat cavntedigsnsensitanscts i offeicnt carsiucHen Bee /BpraséHtsdn

individual sampjg (B-Edx pReEoicn8 fisdds apddi1086RYs wers2Q gauvated fopeash sample. {ip<0.05 **:
p<0.01; ***: p<0.001. (F) Representative TUNEL staining on GFP LV- and GALC LV- transduced

HSPC is showReNigGHirtNGoHPEeX. HightEI4: 1avsrdvel stivivarlof GUDGHhRL-Xitdipssecséne
therapy. 25 Gajfdo®inafsPHdsinent! %@Wﬁé@ﬁg@&&ﬁﬂd@%ﬁ fhepndicatadnaciarrang Wsavenously
sche

transplanted into Trs mice according to the experimental me In (A). Average survival SD and

average engratftf&irlds the HAHSH AR AP ARISHHSSd Rt A5 0% o itle picegE b Mo He i ¥ in the
BM of tfaﬂﬁmam%fBiPGAﬁ@M%%QQ@M@@&@EQ%Mo@[@HW& (ﬁbe?d"to?@tﬁﬁfrﬂ@éipl-rﬁg%imlaf

results were obtained using 30 +/+ mMHSPC. The survival of untreated GLD mice is shown in the first
row (* = Not-irt4efiatefIHEE = R¥n Bsitasie) PBILRIMBCERS iR bRYtes BUhgHioRad).

Fluorescent signals from single optical sections were sequentially acquired and

analyzed by Adobe Photoshop CS software. Magnification: 40x.

Figure 21. Regulation of GALC expression by miRNA 126. (A) Schematic
15  representation of GALC.miRNAI26Tag.LV. (B-C) GALC activity assay and CFC
assay performed on -I- mHSPC transduced with GALC.miRNAI26Tag.LV
(GALC.126miT) or with GALC.LV or GFP.miRNAI26Tag.LV. (B) Activity was
normalized respect to +1+ levels (first colunm). Cells transduced with
GALC.miRNAI26Tag.LV over-express GALC at supraphysiological levels. (C) The
20  number (#) of colonies/plate (Y left axis, bars) was counted and the number of
integrated lentiviral vector copies/cell (VCN)(Y right axis, dots) was measured.
Repression of GALC expression by miRNA126 allowed growth of a higher colony
number, as compared to GALC.LV transduced cells (n =4 independent experiments).

* p<0.0l at one-Way Anova test.

25  Figure 22. miRNA126 regulation of GALC expression prevents apoptosis of mHSPC.
(A) TUNEL assay on GALC.miRNAI26TagLV or GALCLV and
GFP.miRNAI26Tag.LV -transduced mHSPC. > 8§ fields and > 100 cells were counted
per condition. The large majority of GALC.miRNAI26Tag.LV transduced cells was
negative for TUNIEL. (B) TUNEL assay (red) and ToPro(TPIII, blue) staining for

30  nuclei on GALC.miRNAI26Tag.LV or GALC.LV transduced mHSPC-/- 5 days after



29 lymphocytes and murine microglia were transduced with the indicated vectors. GALC activity
(expressed as fold to untransduced cells - UT) was measured on the cultured cells >5 days
post-transduction (center panel) and TUNEL assay (expressed as % TUNEL+ cells) was performed 2
days post-transduction (right panel). Data from 5 GALC-transduced murine and human HSPC (from
Figure 5) and % TUNEL+ cells in GFP-transduced microglia are reported for comparison. Each dot
represents an individual sample, in which? 6 fields and? 250 cells were counted. (C) Representative
images of TUNRDSSUGHMY SPPFatsriyiisccEnageadaaeat Wars caluarad/Ryr thrp-lajeragaptaesked, and

stained for theigbaalimRKRRFA/ D0 ichAdiansdicad Galisl on G EnDludplivicdaagiod with
nimnc

Toprolll (TPII). Magnification 100X. (D) Kaplan-Meier survival curves of Trs mice transplanted with
either Galc-/- SFEC trqHSRfiRIBY By AeE-apdTangyeed 28y or'dels+/Rhaoporr dnSdseEd By GFP LV
(n =10) and ofyaaiashaliesied controls (UT) (n = 15). GALC-126T versus GFP at log rank tests for
pair wise comparison: p=0.002; GALC-126 versus UT: 15 p<0.0001. (E) GALC-126T transplanted
mice weresdivided into two groups according to the VCN measured on total BM cells at the time of
death. Survival is shown for animals carrying less (meanSD = 67A3 days) or more (meanSD = 117A3
days) than 5 LVA8gSiés inl BuFtgIR B%iﬂ@@%%é%%?é@@%ﬁ L3 feand treepbyrHBdafire
population of trgatgdisnce. (F-1) GALC activity (light blue) was qualitatively 20 evaluated on brain
sections from GALC-126T transplanted and control mice. Representative sections from the

hippocampus (F2GAAEbHsVHIAY of A reeq 33 HALIUsAEthiaRd WeBmAREY BHRsthd
ur;treeged Thrs Eﬂiﬁﬁ agishown) @ln(&LQiﬁSSﬁ(feV\(a)rM%ideléd%@ ‘Isl;tlﬁl rﬂéct@giliadm@@ranbhﬁgﬁd hajrwarker (F,
G) and to the hematopoietic marker CD45 (H, 1). A mar infiltration of activated hematopoietic
25cells i PresBRIAVUAHRR P RO ER] E19BT T apRgred s ?&&,Veﬁé(fﬁetérl NEHRICRRRLC
activity both withinthe(vansdce e tto e Rersatopgietc pregeyniasrowpeadsinte ankishawing
co-staining of GALC [in blue] and Iba| [G] and CD45 [1] in brown), and in Jbal-, CD45-
non-hematopoftidEetiSPV DAL aéf%%ﬁ%ﬁﬁ%? .0%6{ da ffom - and +/+

HSPC are shown in top panel C). (D) The number (#) of colonies retrieved from
clonogenic assays (CFC) performed at the end of transduction with the indicated LV

15  on murine -/- (top panel) and human (bottom panel) HSPC is reported. (E) TUNEL
assay was performed two days after transduction with the indicated LV on murine -/-
HSPC (top panel) and CD34" cells from normal donors’ CB and BM (bottom panel).
The frequency of apoptosis among transduced cells was assessed (% TUNEL" cells).
Each dot represents an individual sample (B-E). In E, > 8 fields and > 100 cells were

20  counted for each sample. *:p<0.05 **: p<0.01; ***. p<0.001. (F) Representative
TUNEL staining on GFP LV- and GALC LV- transduced HSPC is shown.
Magnification 100X.

Figure 24. Improved survival of GLD mice after HSC gene therapy.

25  Galc-/- or +/+ murine HSPC were transduced with the indicated vectors and
intravenously transplanted into Trs mice according to the experimental scheme in (A).
Average survival = SD and average engraftment of the transduced cells, measured as
% of GFP" cells or VCN detected in the BM of transplanted mice (+ SD) at 120 days
or at death, are shown (n = 4-26 per group). (§) Similar results were obtained using

30  +/+ mHSPC. The survival of untreated GLD mice is shown in the first row (* = Not-

irradiated; n.a. = non applicable). (B) Human primary monocytes, B and T



MicroRNAs (miRNAs) 30 It has long been a central dogma of biology that genetic information flows
from DNA to mRNA to protein. In other words, it ha2s9 been assumed that genes code for proteins, and
that proteins fulfil all cellular functions, including th&regulation of gene expression programs. However,
only a minority of RNA transcripts (2-3%) code for 5 proteins in higher eukaryotes, calling into
guestion the central dogma that proteins are the only effectors of cell function (Mercer et al., 2009). In
fact, there is now emerging evidence that a class of non-coding small RNAs, called "microRNAs", fulfil

a fundamentall¥oehRarEs s apdi s oriERel ixpyrss siarsdurerbrItab ¢ imdsates) v qsiff AL&., 2004;

Sadelain M., 200f;iSadelainegtak f2R05: Gaziavelal o 200 PR sHiREkMAon 2006:ikemour et al,
2000) nucleotide long, non-coding RNAs that negatlveliglﬁggulateﬁ%(rene expression at the

post-transcriptiSHa R veyBY dsgHamh eiprocsaice anael Fand Thibrdrapay (RNASSSehelow) (Bartel

DP., 2004). Mi%@@NBEW%I%RfMQJéH%Yﬁ@ﬂziB&}@ Bﬁ%gﬁiﬂétﬁiﬁQﬁ@ﬁtiﬁam)f%maqfrﬁﬁf“ and let-7,
and they were shown to regulate the timin%of larval development. (Lee et al., 1993; Reinhart 15 et

cd.,2000) SThiS M 18scts eHarsiie Ao he MR NB - L5am § IaNAS ketréiiHgNyehe €lsrdssion in
higher eukaryqig$. thegiscavaliyrsaah alagnisie CXRERR3 BIRNAS Mmeanrpriswhichhare

phylogenetically conserved across species, has been conceived as a revolution in the field of biology.

According to thedigfdvehtamiergRIMCHat B AR 7/ imretHa ¥arsgavatedidieos different miRNAs
have been 20 MEE@QMHH}?@ atthenNipte of iwikting: Mici Asibave resdwnlicaieddn almost all
ev

biological processes, including elopment, differentiation, proliferation and %Lé%%is (Xiao and

Rajewsky, 2009 9Hel Ry majnisitithapfoidnsfictheduisipgliaaagiedid fire and
metaboli¢glisofgaraeda’ &tsilor 209 NRIVRK BlcabbA0A8y i UlghehtIqrRI 1 008 :n2bcMiSHORNA genes

are scattered across all human chromosomes, except for the Y chromosome. They can be either

located in non‘WHin§HLEioMabMAE RIS BrXathH TSRt b BB LR SAGFund 50% of

MiRNAs appeqdpcClisigimudish argi@nsenied as-pulyeistianric/ PIHRRY Hrandedpisi-agps-Quintana
et al., 2003). Similar to protein-coding genes, miRNAs are usually transcribed from 30 polymerase-Ii

promoters, gefherdfing & 58l rmfsho iiarad L rsrle fbigdn-= 15). GALC-126T versus

GFP at log rank tests for pair wise comparison: p=0.002; GALC-126 versus UT:

15 p<0.0001. (E) GALC-126T transplanted mice were divided into two groups according
to the VCN measured on total BM cells at the time of death. Survival is shown for
animals carrying less (mean+SD = 67+13 days) or more (mean+SD = 117+43 days)
than 5 LV copies in BM cells, being 5 the average VCN measured in the BM of the
entire population of treated mice. (F-I) GALC activity (light blue) was qualitatively

20  evaluated on brain sections from GALC-126T transplanted and control mice.
Representative sections from the hippocampus (F, G) and pons (H, I) of GALC-126T
transplanted mice, as compared to WT and untreated Trs mice are shown. GALC
assay was coupled to the microglia/macrophage Ibal marker (F, G) and to the
hematopoietic marker CD45 (H, I). A marked infiltration of activated hematopoietic

25  cells is present in untreated and GALC-126T transplanted Trs mice, the latter showing
GALC activity both within the transduced HSPC hematopoietic progeny (arrowheads
in G and I showing co-staining of GALC [in blue] and Ibal [G] and CD45 [I] in
brown) and in Ibal", CD45™ non-hematopoietic cells. Magnification 20x in (F, H) and
40x in (G, I).

30

MicroRNAs (miRNAs)




mMiRNA). This pri-miRNA is then processed through a series of endonucleolytic 31 cleavage steps,
performed by two enzymes belonging to the RNAss Type Il family, Drosha and Dicer. From the
pri-miRNA, a stem loop of about 60 nucleotides in fength, called mirna precursor (pre-mima), is
excised by a specific nuclear complex, composed of Drosha and DiGeorge syndrome critical region
gene (DGCRS8), which 5 crops both strands near the base of the primary stem loop and leaves a 5'
phosphate and a 2 bp long, 3' overhar‘l%gThe pre-mirna is then actively transported from the nucleus to

the cytoplasm B RANEGHRH ertpbringridtbaplozydbat gangtit wforpetagnfloers finsePPetforms a
double strand guiathie ehitihasitmieanaotdefingd bysthenDIesha:cHLs 3eRERIING.R3; 24 bp

duplex, which is composed of the 10 mature miRNA and the opposite strand of the duplex, called

miRNA* (Barteidpthatopmtainsadrabimalit crthite thesiioaay ibpeiagy imaasatiorom§ 8fBestrand of

the duplex is sglpgtively tRReRNY AsHIJUCRARIRY PROMRIEX (RIRG)- N asumylates as
the mature microRNA. This strand is usually the one whose 5'end is less tightly paired to its

complement, d¥URBHEAEHSE SHEID) & GrRLRgRISIHS S 1S HRSrRsRERb de8tR3dhRER Me B S 'end of

each strand ofgiRMNfy drRlesRSTRMALL8TiSH (RRPRr ElaveyeryihalgRIeRANE MIRNAR aksupport
accumulation of both duplex strands to similar extent (Schwarz et cd.,2003). MicroRNAs trigger RNAI,

very much likeS¥iansaiteiférimg RNALL (@eneefingicinate BRidnsivaleBeiryjieBa et expéiiimental gene
knockdown. Thgnmaie sfersiecs 2RDRMARLMIGNARNSPRNMS NS iReeeyeaisR QRSE dpaded into

RISC, the guide strand of the small RNA molecule interacts with mRNA target sequences
preferentially fO3HE i iRk 32 Wrarndlaliin MyidPP8iUTaRS B RStéin-c98 g Rt & Abs H%h shown
that nuclegtideg Lifigpuntad frons.thesngl ef Ahe 10RNAuteosae taHEdRehERRBURNGS; A1 essential
for triggering RNAI (Brennecke et al., 2005). If the L . '
negatively regulate gene expression at the post-transcriptional level by triggering a
process called RNA interference (RNAI, see below) (Bartel DP., 2004). MicroRNAs
were first discovered in Caenorhabditis elegans in the form of lin-4 and let-7, and they
were shown to regulate the timing of larval development. (Lee et al., 1993; Reinhart
15 et al.,2000). This finding led to the search for similar non-coding RNAs controlling
gene expression in higher eukaryotes. The discovery that all organisms express
miRNAs, many of which are phylogenetically conserved across species, has been
conceived as a revolution in the field of biology. According to the reference
microRNA database (http://microrna.sanger.ac.uk/)695 different miRNAs have been
20  identified in humans at the time of writing. MicroRNAs have been implicated in
almost all biological processes, including development, differentiation, proliferation
and apoptosis (Xiao and Rajewsky, 2009). They also play important roles in diseases

such as cancer, heart failure and metabolic disorders (Xiao et al., 2009; Divaka et al.,

2008; Krutzfeldt et al., 20006).

25  MicroRNA genes are scattered across all human chromosomes, except for the Y
chromosome. They can be either located in non-coding regions of the genome or
within introns of protein-coding genes. Around 50% of miRNAs appear in clusters
which are transcribed as polycistronic primary transcripts (Lagos-Quintana et al.,
2003). Similar to protein-coding genes, miRNAs are usually transcribed from

30  polymerase-II promoters, generating a so-called primary miRNA transcript (pri-

miRNA). This pri-miRNA is then processed through a series of endonucleolytic



25 whole guide strand sequence is perfectly complementary to the mRNA target, as is usually the
case for sSiIRNAs and plant miRNAs, the mRNA is e3qdonuc|eolytically cleaved by involvement of the
Argonaute (Ago) protein, also called "slicer", of the”small RNA duplex into the RNA-induced silencing
complex (RISC). DGRC (DiGeorge syndrome critical region gene 8) and TRBP (TAR (HIV) RNA
binding 30 protein 2) are double-stranded RNA-binding proteins that facilitate mature miRNA
biogenesis by Drosha and Dicer RNase Ill emzymes, res[)ectively. The guide strand of 32 the miRNA

duplex gets inEHPGIRSIEMPEIEEREEBY CBmplex RISECIAMEM e Sspdoine Hrerlhrough

imperfect baseppaifRch ANDRAHCERRPSHL RSAHRIEN2LIGRR SlRRCHTaRRN 8! Merhisms have
been proposed for this mode of regulatiow miRNAs can induce the repression of translation initiation,

mark target 5 STFENIASHT BRI RERSHIS) d@ERIEHTRNON, BrrisqUdstePREFHI IS IhEXWYROBlasm ic
P-body. On the gtheshpad Dt ¥y fha sredisRerfaaticompiRmeaiasy te-the taraat s RMARU the

remaining bases show incomplete pairing, RNAI acts through multiple mechanisms leading to
translatiorial reé5PREHOH (EErAEP mRar Sisohaseipdithespripeiys; stem loop and leaves a 57 phosphate

and a 2 bp long, 3’ overhang. The pre-mirna is then actively transported from the
nucleus to the cytoplasm by RAN-GTP and Exportin-(Yi et al., 2003; Lund et al.,
2004). Then, Dicer performs a double strand cut at the end of the stem loop not
defined by the Drosha cut, generating a 19-24 bp duplex, which is composed of the
10 mature miRNA and the opposite strand of the duplex, called miRNA* (Bartel DP.,
2004). In agreement with the thermodynamic asymmetry rule, only one strand of the
duplex is selectively loaded into the RNA-induced silencing complex (RISC), and
accumulates as the mature microRNA. This strand is usually the one whose 5’end is
less tightly paired to its complement, as was demonstrated by single-nucleotide
15  mismatches introduced into the 5’end of each strand of siRNA duplexes (Tomari et
al.,2005). However, there are some miRNAs that support accumulation of both

duplex strands to similar extent (Schwarz et al.,2003).

MicroRNAs trigger RNAI, very much like small interfering RNAs (siRNA) which are
extensively being used for experimental gene knockdown. The main difference
20  between miRNA and siRNA is their biogenesis. Once loaded into RISC, the guide
strand of the small RNA molecule interacts with mRNA target sequences
preferentially found in the 3' untranslated region (3'UTR) of protein-coding genes. It
has been shown that nucleotides 2-8 counted from the 5'end of the miRNA, the so-
called seed sequence, are essential for triggering RNAi (Brennecke et al., 2005). If the
25  whole guide strand sequence is perfectly complementary to the mRNA target, as is
usually the case for siRNAs and plant miRNAs, the mRNA is endonucleolytically
cleaved by involvement of the Argonaute (Ago) protein, also called "slicer". of the
small RNA duplex into the RNA-induced silencing complex (RISC). DGRC
(DiGeorge syndrome critical region gene §) and TRBP (TAR (HIV) RNA binding
30 protein 2) are double-stranded RNA-binding proteins that facilitate mature miRNA

biogenesis by Drosha and Dicer RNase III emzymes, respectively. The guide strand of



10 Bartel DP., 2009). Eukaryotic mRNA degradation mainly occurs through the shortening of the polyA
tail at the 3' end of the mRNA, and de-capping at tgg 5'end, followed by 5'-3' exonuclease digestion
and accumulation of the miRNA in discrete cytoplaSmic areas, the so called P-bodies, enriched in
components of the mMRNA decay pathway (Lui et at,2005). 15 MiRNAs which are useful in the present
invention are miRNAs which are expressed in hematopoietic stem and/or progenitor cells but which
are not expressed extensively in differentiated cells. Preferred examples include mir-130a, mir-126

and mir-223. Obse§ihihl € vRisio RRIA STISORIEARTEr RN AlCe gHREEB CRIUNSBRRE stérhigllls and
the so-called RS gllpcFoyeaaPlariuR a Rrisand SEAHA eadd shelicalhqupressed

in pluripotent cells (ES, iPS) but not in adult-type stem cells or differentiated cells. let-7 family

microRNAs ar& 8PS S HIF calfh eRge SETGAY Pertsaiems diase e MEPSeR01shis r8efsecifically

expressed in Wé%i‘@a PRANEINECIN S INE MR N MpYeb8dseuiti AisHtRRISRRNGYARCIBFgde- a
vector suitable for 25 delivering a gene (transgene) of interest, such as a viral vector. Viral vectors

suitable for geARMNARRF dreveronovnderase Al etk ahpreysstSlitar s tiie (ReRNtRIAM® fesent

invention are disggiped in W02007/000668. 33 retroviruses, lentivirus, adenoviruses,
adeno-associated viruses, herpes simplex viruses, picomaviruses, and alphaviruses. The present

invention preferably employs retroviryses, including lentiyiruses. The present jnvention e used to
control expreseils: SUEL Lt eI Hile: SSICEHLY S IEHIEH dar BETBE JSB8 b control
expression of the whetaenoniaxampls, shectaicwhipleapdigmonidiled MydhtmieiR NAdtGlEhe
present invention is an oncgolyfic virus. Hematopoietic stem cell tr I ion.Hematopgjetic stem
Col transplant TSR IFHIAE tal B AT OPSiobe S b OB MO Rt Wit marto
(in this case kiantalaPPgneogyroBukanysplantaRd oddiaddti&iemaiall trasaplandaiants tenedical
procedure in the fields of hematoloqy and oncalp t oft erformed for people with diseases of
the blood, bon%ﬁﬂ%*aeﬂ?gb%,‘%?rt &R %yhaésaéftﬁ%%cgﬁd OV mRRRC o A cappig A 'S e

followed by 5°-3” exonuclease digestion and accumulation of the miRNA in discrete

cytoplasmic areas, the so called P-bodies, enriched in components of the mRNA

decay pathway (Lui et al.,2005).

15  MiRNAs which are useful in the present invention are miRNAs which are expressed
in hematopoietic stem and/or progenitor cells but which are not expressed extensively
in differentiated cells. Preferred examples include mir-130a, mir-126 and mir-223.
Other sutiatble microRNAs include microRNAs expressed in embryonic stem cells
and the so-called iPS cells. For example, miR-302a, miR-373 and miR-292 are

20  specifically expressed in pluripotent cells (ES, iPS) but not in adult-type stem cells or
differentiated cells. let-7 family microRNAs are expressed in all cells except from

pluripotent ones (ES, iPS). miR-124a is specifically expressed in neurons.
Gene Vectors

The miRNA may be used with a suitable gene vector, i.e. a vector suitable for
25  delivering a gene (transgene) of interest, such as a viral vector. Viral vectors suitable
for gene therapy are well known in the art. Examples of viral vectors useful for the

present invention are discribed in W0O2007/000668.

Viruses from several different families have been modified to generate viral vectors

for gene delivery. Viruses which can be used in the present invention include



With the availability of the stem cell growth factors GM-CSF and G-CSF, most 15 hematopoietic stem
cell transplantation procedures are now performedBLésing stem cells collected from the peripheral
blood, rather than from the bone marrow. Collecting peripheral blood stem cells provides a bigger
graft, does not require that the donor be subjected to general anesthesia to collect the graft, results in
a shorter time to engraftment, and may provide for a lower long-term relapse rate. 20Hematopoietic
stem cell transplantation remains a risky procedure with many possible complications; it has
traditionally b P¥EEpged teRthatients At TifBLIAte ALPHRREISEIALS . VIHRES ockeisithatifnnkd
eXperimema”M?lﬁQﬂ*BﬁﬂHﬁ%?@%@, %ﬂﬁr@mﬁ@%&%,i"ﬁ'ﬂ& 'eﬁﬁmmeyféﬁambéméﬂo-immune
disease and cardiovascular disease, the risk of fatal complications appears too high to gain wider
25acceptance MaNF e piRcd BrHEW TEURS multiple myeloma or leukemia patients who would not
benefit from prolonged treatment with, or are already resistant to, chemotherapy. Candidates for
HSCTs includerpe@iatidatdasestivhers theusadiestbasariphasiodeseatrads seiehias s@ueie tembined
immunodeficiency or congenital neutropenia with deéective stem cells, and also children oy adults with
aplastic anemi* b have IS AN CEASLith COME! SSRERTAB fbA0sd TR stortcell
transplants inciidesickieveelbtistasecdn el edyspldsdid syhe e Nk thlas pesantyimphdaoa, Ewing's
Sarcoma, 5 Desmoplastic.small round cell tumor and Hodgkin's disease. More recently
nonmyeloablallﬁlﬁl,1 PEOEL IR S hini transplant,” procedures have been developed that require smaller
doses of preparative chemo and radiation. This has allowed HSCT to be conducted in the elderly and
other patients Whmatepdatathwewisel lieaospisiered too weak to withstand a conventional treatment
regimen. The present invention aims to 10 widen the therapeutic application of such treatments by

improving thei%ﬁ%@?&i@%@ﬁ?@@ﬂ'tgmtion (HSCT) is the transplantation of blood stem

10 cells derived from the bone marrow (in this case known as bone marrow

transplantation) or blood. Stem cell transplantation is a medical procedure in the fields
of hematology and oncology, most often performed for people with diseases of the

blood, bone marrow, or certain types of cancer.

With the availability of the stem cell growth factors GM-CSF and G-CSF, most
15  hematopoietic stem cell transplantation procedures are now performed using stem
cells collected from the peripheral blood, rather than from the bone marrow.
Collecting peripheral blood stem cells provides a bigger graft, does not require that
the donor be subjected to general anesthesia to collect the graft, results in a shorter

time to engraftment, and may provide for a lower long-term relapse rate.

20  Hematopoietic stem cell transplantation remains a risky procedure with many possible
complications; it has traditionally been reserved for patients with life-threatening
diseases. While occasionally wused experimentally in nonmalignant and
nonhematologic indications such as severe disabling auto-immune disease and
cardiovascular disease, the risk of fatal complications appears too high to gain wider

25  acceptance.

Many recipients of HSCTs are multiple myeloma or leukemia patients who would not
benefit from prolonged treatment with, or are already resistant to, chemotherapy.

Candidates for HSCTs include pediatric cases where the patient has an inborn defect



The present invention is particularly useful in gene therapy. In particular those therapies which involve
the expression of a potentially toxic transgene. Disgflses 15 which can be treated in accordance with
the present invention include lysosomal storage disorders (LSD) such as globoid Cell Leukodystrophy
(GLD). Another example of a disease treatable by the present invention is chronic granulomatous
disease (CUD). Globoid Cell Leukodystrophy (GLD) or Krabbe disease is caused by mutations in the
20 GALC gene, which causes a deficiency of an enzyme called galactosylceramidase. The buildup of

unmetabolize PP SFERHS EREBYRRHHIBR RO dAI/ERC I ot O EIops I tHhcBeAshRYCthat

insulates manyprrvea) and GG ERi RRVR 61 %9&5‘ %ﬁﬂ%ﬁ@ﬁ@%ﬁérﬁi@i"&hﬁ%% h9draignPWRRf
disorders known as Ieukodﬁstroghles, Krabbe disease results from the imperfect ierowth and

development 255t #higs mria GERer gRadisprdatriehtdtatanceliveasplansirthdeaikkic-gdhe into the
patient. For exgnile, thy Gadyspfauld benininducediniaiiiaiia, o hiptoRichisdbendianspianted into

the patient. The present inventors found toxicity and in vitro and in vivo functional impairment of

murine andl huRAEBECarBAll varedisttl tnreicagent edekdner ditasspPiesiofeerRIYdWtity could
be overcome kyylusigithie SQgeqs vgrierehihe.RipaRRL IBYSRliRRs 3nNBdlNayIghQnensr more

therapeutic genes by a vector system according to the present invention may be used alone or in

combination Wi fiseiirdisindents of Bppaiien e enthanddatieion FdreRanpievieht NEEthiof the

present inventigncgiai b et RIsliNes RNGIRY HATEnS WaADSESNE (Stheseft B tismiteatnass of the
disorders listed in WO-A-98/05635. For ease of reference, part of that list is now provided: cancer,

inflammation oF Sl ERSFHNGiSes ARk deRsNbISSIAST, EVR DTEsFRtJONSRIRL Amscle,

haemorrhgge, wRraUiatianARd AU aE6 T @FRABE e GaakRX dyangRXIimeatidie dnfestiam/bHV
infection, shock states, graft-versus-host reactions, autoimmune 10 disease, reperfusion injury,

meningitis, mi@fgliﬁ"?é%nd aspirin-dependent anti-thrombosis; tumour growth, invasion and spread,
angiogenesis, metastases, malignant, ascites and malignant pleural effusion; cerebral ischaemia,
ischaemic heabiskaease, osteoarthritis, rheumatoid arthritis, osteoporosis, asthma, multiple sclerosis,
neurodegeneration, Alzheimer's disease, atherosclerosis, stroke, vasculitis, Crohn's 15 disease and

curodegeneration, Alzheimers disease, atherosclerosi, siroke, vasculis, Croh's 15 discase
Pulosa: cornedt SObtalion, 10Haghthy S Cp e W) A T, SICAEIE SanjOSEuis,

bullosa; corneal ulceration, retinopa
eczema, anapHydestisssrediahosis obon estiverheaoniaifurep elndontlstriosie, ttahegows|eldsieases
endOSC|ef98iS'which can be treated in accordance with the present invention include lysosomal
storage disorders (LSD) such as globoid Cell Leukodystrophy (GLD). Another
example of a disease treatable by the present invention is chronic granulomatous

disease (CGD).

Globoid Cell Leukodystrophy (GLD) or Krabbe disease is caused by mutations in the
20  GALC gene, which causes a deficiency of an enzyme called galactosylceramidase.
The buildup of unmetabolized lipids affects the growth of the nerve's protective
myelin sheath (the covering that insulates many nerves) and causes severe
degeneration of motor skills. As part of a group of disorders known as
leukodystrophies, Krabbe disease results from the imperfect growth and development
25  of myelin. A gene therapy treatment of GLD involves inducing the GALC gene into
the patient. For example, the GALC could be intoduced into HSPC or HSC which is
then transplanted into the patient. The present inventors found toxicity and in vitro
and in vivo functional impairment of murine and human HSPC after LV-mediated
GALC gene transfer and expression. This toxicity could be overcome by using the

30  gene vectors of the present invention.



In addition, or in the alternative, the vector of the present invention may be used to 20 deliver one or
more transgene(s) useful in the treatment of disord3%rs listed in WO-A98/07859. For ease of reference,
part of that list is now provided: cytokine and cell proliferation/differentiation activity,
immunosuppressant or immunostimulant activity (e.g. for treating immune deficiency, including
infection with human immune deficiency virus; regulation of lymphocyte growth; treating cancer and
many 25 autoimmune diseases, and to prevent transplant rejection or induce tumour immunity);
regulation of hABAAEHpeTEsH, A O dBRiseHEBISHIEI oF81SH (DI BREIE i SYasHs; 36F OBt Pgitsnth of
bone, cartiIagepr@@ﬁlpqh\lgﬁm@r}hg}nq)@qw@ti%@, & AnfRLRRAIRG OIS, tieAtRaRh &l duwps. ulcers
and periodontal disease and neurodegeneration; inhibition or activation of follicle-stimulating hormone
30(modulationSfReFEY ehdsmBeiéSR-hemokinetic activity (e.g. for mobilising 36 specific cell types
to sites of injury or infection); haemostatic and thrombolytic activity (e.g. for treating haemophilia and
stroke); antiinflesnmaiaplactvitedtor teatingresehtseptatRioslPbEsba’ fodisiasepnasoantisricrobials;
modulators of e.g. metaholism or. behaviour; as anajgesics; treating specifi %ef' [ ?dis rders; in
Streatmen of 4§ BEOFELS TR S CRRET A IR RS S AR nat . the
retroviral vectasnef the prasentdnvertiaT nday iusechiovdgliveidede otaneds tiafisgenai(s) eiseful in
the treatment of disorders Iisgﬁd in WO-A-98/?998 .F re$se ofa{eference part of that list is now
provided: mactBPRRGE IRRibitHFGa8Fa/ P RN SR tof@sf% ity et u SOV A & Ry Sctivity;
anti- 10 immuhseaiiviyygd, e Johghitaiyreftedsagainphascelledpomed/endhexiarahimorainge reaponse,

including a resp%r;fse no ociated with 'énflgmmation; inhibit the Eék))ility of macrophages and T cells to

adhere to extrAX&tEP matrix COHPSRent%iSd HBFohe 8IH L AS RN Q8 U SRS ate 4 YT TERE tor
expressian in Wisedks;, inkipdt ukivanteguimmuns figgaip nnaigehintiarandatiopimeldeeadehrisisiincluding
15 rheumatoid arthrijtis,. inflammation gssociated wi h%p rsensitivité,.aller ictreaction ,astpma,
systemic Iupust% é’ﬁﬁit&%ﬂ@%%f%‘ﬁ YRR AR St e A BBY Ut the8dsey, Minwiitiation
associated withsaiteerost|atgsisaatteitosslarfisisoatherobelbistiabied] diseaseicrapatidsiomsinjury,

cardiac arrest, myoc dial infarction, vascul erfIamn%atOQ/ disorder respiratl?r distress syndrome or
it TSt POt s
pti

other 20 cardi%spu%onrghs/’diée%%né%t,olln lafiatsn aSdemstey %Nitr?%e ¢ ulBEr UiterduVe edtitis and

other diseasemoiithé:gasiraiioiesiiahtiact' helxatisdibrdsis sikan sy osikQraitvailinepatioldiseases,

thyroiditig or otper glandyla; dissases, glomerulonsphiit or. et renal and yicloals, diseases, ofits or
other oto-F ino-laryngo]%giczgle (ﬁseases, JerRARIS Of Ginét e rmat iseases, peﬂodonrtrgfldlséases or

other dental diskasés, ukRsreychitieondyidsd mbesachitimdalfertdint orchidahtysathya aadotloetical
immune-related tesHClIJllar.dise es .Elacl?ntal dgsfunct'on ‘Qlacental insuffici habitual abortion,
eal nitis, a cﬁ i

] CY.,.
eclampsia, pre\ivé)gl?ampyal{al%’d other immute and/ar'in la\t]rlr%rﬁate()crzf-rrr%ﬂat%%ag%%efag‘é}éoIor&sé%ﬁ%qllsséases,

posterior uveitisyriptstivichi¢ate faileitis cauhderion opieiti)arosglanotigitis calostdesdinstis, uveoretinitis, optic
neuritis, intraocular inflammation, 30e.g. retinitis or cystoid macular oedema, sympathetic ophthalmia,

scleritis, retinitjg addition, or in the alternative, the vector of the present invention may be used to
20  deliver one or more transgene(s) useful in the treatment of disorders listed in WO-A-
98/07859. For ease of reference, part of that list is now provided: cytokine and cell
proliferation/differentiation activity; immunosuppressant or immunostimulant activity

(e.g. for treating immune deficiency, including infection with human immune
deficiency virus; regulation of lymphocyte growth; treating cancer and many

25 autoimmune diseases, and to prevent transplant rejection or induce tumour immunity);
regulation of haematopoiesis, e.g. treatment of myeloid or lymphoid diseases;
promoting growth of bone, cartilage, tendon, ligament and nerve tissue, e.g. for
healing wounds, treatment of burns, ulcers and periodontal disease and
neurodegeneration; inhibition or activation of follicle-stimulating hormone

30 (modulation of fertility); chemotactic/chemokinetic activity (e.g. for mobilising



pigmentosa, immune and inflammatory components of degenerative fondus disease, 37 inflammatory
components of ocular trauma, ocular inflammation caused by infection, proliferative
vitreo-retinopathies, acute ischaemic optic neuropaat%y, excessive scarring, e.g. following glaucoma
filtration operation, immune and/or inflammation reaction against ocular implants and other immune
and inflammatory-related 5 ophthalmic diseases, inflammation associated with autoimmune diseases
or conditions or disorders where, both in the central nervous sg/stem (CNS) or in any other organ,

immune and/ofBRfIA rRatio RS it etiéss nol AU Oh SHERRIAN P NGRS HE dided SBreBhPitstion
and/or side effs&ﬁ%i%gr(b!g.e%mfgaﬁfngaﬁk@?ﬁ@ﬁl&%fa@%ﬁﬁ%n&@ﬁ-a%l@iﬁﬁtﬂaqﬁﬁa%ﬁia&%we&bﬂv-related

encephalopathy, Devic's disease, Sydenham chorea, 10 Alzheimer's disease and other degenerative

diseases, condifdHaos-distRits s iptheotNhmislsmatonr T aripbiserhinlst Jnaddtessp6d

syndrome, imr#ag,afchinfiarmenalesy:SoReR & Rﬁéﬁiﬁlgt%&m%&ﬁﬁ%mﬁscﬁﬂ%Phﬁ"tis1
subacute sclerosing pan-encephalitis, encephalomyelitis, acute neuropathy, subacute neuropathy,
chronic neurop SR LAIGS- BT Eynidr BNy ovs FARATXHBFLICHIS- myasthenia gravis,

pseudo-tumour cerebri, Down's Syndrome, Huntington's disease, amyotrophic lateral sclerosis,
inflammatory danapéinentsoeiCINS damprBesitr esttoitatracuna of ihigaticas aivbeticNdainfammatory

components of myscular. atrophies and dystrophies, and.immune and inflammatory rejateq diseases,

conditions or (1SEHIEAH B S AR DEHERE) JBR B e ErRETRCEAAERRd [iiPhation

septic 20 shoskOnieoBmw giiscbsessse Banefoaiasy, parplichiions Brridepedfiadil ofaurggliygbone

marrow transplagl‘.?tion %r}ﬁ heé,tragi@z)a tation complications and/or side effects, inflammatory and/or
] Ny

immune compit&88RYa &ff AN S SHEFAYL U A Hs THIBRHBAS VYT @BHer, or
inflammatdn assoniatestiwiy AlRS jtbibitppresSeotsirdyhitisaa Autetitddanddsscallmaramimuneéesponse,

to treat or ameliorate 25 monocyte or leukocyte praliferative diseases,.e.g. leykaemig,.hy reducing the
amount of moTOREE P UG R Tor 118 VBt S 2B GLOMHE B AP VR2LEN T cases of
transplantatiomeicraibagbor ardfidialedlis, thssidhand torgansaseitias aonnsa, doomngrarsowndrgans,
lenses, pacemakers, natural or grtificial skin tissue.. The present invention.al [

. ronéctin.. as well as. up-r ge fas cgr? [ _expression SP%r l\ll'dei‘r?hl it ...
pharmaceutlca cc())mposmoﬁ for rea?m@aﬁ n |V|c?uaf%y% ne fﬂje?g\py, W ereln‘t%(%’ coma;])Josmon
comprises a therapettticallyiaffectiveaatountod tha lecionodtheiprkrsiemns inmMehtios concprising one or
more 3815 rheumatoid arthritis, inflammation associated with hypersensitivity, allergic reactions,
asthma, systemic lupus erythematosus, collagen diseases and other autoimmune
diseases, inflammation associated with  atherosclerosis, arteriosclerosis,
atherosclerotic heart disease, reperfusion injury, cardiac arrest, myocardial infarction,
vascular inflammatory disorders, respiratory distress syndrome or other

20  cardiopulmonary diseases, inflammation associated with peptic ulcer, ulcerative
colitis and other diseases of the gastrointestinal tract, hepatic fibrosis, liver cirrhosis
or other hepatic diseases, thyroiditis or other glandular diseases, glomerulonephritis or
other renal and urologic diseases, otitis or other oto-rhino-laryngological diseases,
dermatitis or other dermal diseases, periodontal diseases or other dental diseases,

25  orchitis or epididimo-orchitis, infertility, orchidal trauma or other immune-related
testicular diseases, placental dysfunction, placental insufficiency, habitual abortion,
eclampsia, pre-eclampsia and other immune and/or inflammatory-related
gynaecological diseases, posterior uveitis, intermediate uveitis, anterior uveitis,
conjunctivitis, chorioretinitis, uveoretinitis, optic neuritis, intraocular inflammation,

30 e.g. retinitis or cystoid macular oedema, sympathetic ophthalmia, scleritis, retinitis

pigmentosa, immune and inflammatory components of degenerative fondus disease,



deliverable therapeutic and/or diagnostic transgenes(s) or a viral particle produced by or obtained from
same. The pharmaceutical composition may be for, puman or animal usage. Typically, a physician will
determine the actual dosage which will be most suftable for an individual subject and it will vary with
the age, weight and response of 5the particular individual. The composition may optionally comprise a
pharmaceutically acceptable carrier, diluent, excipient or adjuvant. The choice of pharmaceutical
carrier, excipient or diluent can be selected with regard to the intended route of administration and

standard pharifAeeunatIrprermeengie pheriicetiivgl eswiostianeaiian corssrdy aafestiangr in

addition to - theGRfERE X CIRIRNY-RIbamiany siiiabIR HAJRIES)opiRIIGRAKS) e fHSPRRLKEG RIENI(S),
coating agent(s), solubilising agent(s), and other carrier agents that may aid or increase the viral entry
into the target §f8T{88&cR- &s Il slauc i) BERIEY) SpstaHA\WRERSFPIYBH dbdlagrmation

pharmaceuticqleggmﬁoqggﬂ&c%@gra inistered by amy Oﬁﬁn&@rdﬁ@r%&féﬂﬁﬁiﬁ%ﬂﬂ%lme@e form of
a suppository or pessary, topically in the form of a lotion, solution, cream, ointment or dusting powder,

by use of & skifPhatelnisdifgaretnEfmrETian RECE SR NINY Biteipanelistras SareRditieastose, or in

capsules or ovallesBiiNgt AR ObdhadnistuEavith SxeieRtgeQr (oS farm @ﬁzﬁlbﬂr& sglytions or
suspensions containing flavouring or colouring agents, or thegﬁcan be injected 20 parenterally, for

example intradBVBHISsANY o ERBIERD itPRTSSCm YRt SenRsnraheislisRprEargintetitsrar:

administration c g tRmpesiians May dgbestuaetdathamiyirafidsisrieiranrous peltipRwhich may
contain other substances, for example enough salts or monosaccharides to make the solution isotonic

with blood. FofBieabRsretpligtAY Astatrtk sasrn i abnpBsitie s stineas beSydrimmeterlarii the 25

form of tablets o lzpRESIWEISH S0 b dpuBilatestiveascRAvaNtiRAIfBARNET Jifs delivsryref one or
more therapeutiﬂ%gen,es by a vector system according to the invention may be used alone or in

combination with'Sth&HAXBALEYs 6P RBRIsEEME SRkesrdatheati piesiemGhitAHEs itreated
include, but arg\nekinaiiey teoGPoReHtNeaRoaital disasseR{NheiRddispagtaliigadudisease, stroke,

arthritis, viral 30infections and diseases_ of the immune system. Suitable therapeutic genes include 39

those coding f&f RIRSEL sUPrERSRBIBtRinsCRAFANHBRSHE Biru g v atity a3 {ie s Subacute
immunomodulaters sreipCcultse@otinpdivpaaigineriadiimBumogighdlisnike Blesnias, trgipn proteins,

hormones, membrane proteins, vasoactive proteins qr Beptides, cytokines, chemokines, anti-viral
proteins,léntisgﬁéaétm}fi‘ %Wf%@fﬁ%@é@%&’éﬁ%?@g’ own's Syndrome, Huntington's disease,
amyotrophic lateral sclerosis, inflammatory components of CNS compression or CNS
trauma or infections of the CNS, inflammatory components of muscular atrophies and
dystrophies, and immune and inflammatory related diseases, conditions or disorders
of the central and peripheral nervous systems, post-traumatic inflammation, septic
20  shock, infectious diseases, inflammatory complications or side effects of surgery,
bone marrow transplantation or other transplantation complications and/or side
effects, inflammatory and/or immune complications and side effects of gene therapy,
e.g. due to infection with a viral carrier, or inflammation associated with AIDS, to
suppress or inhibit a humoral and/or cellular immune response, to treat or ameliorate
25  monocyte or leukocyte proliferative diseases, e.g. leukaemia, by reducing the amount
of monocytes or lymphocytes, for the prevention and/or treatment of graft rejection in

cases of transplantation of natural or artificial cells, tissue and organs such as cornea,

bone marrow, organs, lenses, pacemakers, natural or artificial skin tissue.

The present invention also provides a pharmaceutical composition for treating an
30 individual by gene therapy, wherein the composition comprises a therapeutically

effective amount of the vector of the present invention comprising one or more



Nucleotide sequences: in bold: target sequence complementary to the miRNA. In general, we use 4
copies of mMiRNA targets separated by a 4-6 nucleg3 jde linker This can, however, be optimized 10
miR-126: UCGUACCGUGAGUAAUAAUGCG miR-1I26T sequence: GCATTATTAC TC AC GGTAC
GACGATGCATTATTAC TCAC GGTAC GAAC
GCGTGCATTATTACTCACGGTACGATCACGCATTATTACTCACGGTAC GA 15 miR-130a:
CAGUGCAAUGUUAAAAGGGCAU miR-130aT sequence: ‘ ‘
ATGCCCTTTHsACKPRGsApTeT e dicenesacantsmsgnor g Cisd particle produced by

GACGCGTATGCGGRI FrdMGAhd GhAFTEHMER AN AT G S HIT MAMEA2AMEE 6ARiTEaI MiR-223:
UGUCAGUUUGUCAAAUACCCCA miR-223T sequence:

GGGGTATTTEREAAXDTHACA DB ATEEE Tdetermbadksriciesgacybsh will be most

CG GTGC_5GGE&HBT%%&%%%BE&Q@Q%M@T@&Q - WA He And 2680d3Radk 2/2
combination: GCATTATTACTCACGGTACGACGATGCATTATTACTCACGGTACGAAC 30

GCGTATE&CChT Parfiaie Anra@RE TGATGCATATGCCCTTTTAACATTG CACTG
The composition may optionally comprise a pharmaceutically acceptable carrier,
diluent, excipient or adjuvant. The choice of pharmaceutical carrier, excipient or
diluent can be selected with regard to the intended route of administration and
standard pharmaceutical practice. The pharmaceutical compositions may comprise as
10 - or in addition to - the carrier, excipient or diluent any suitable binder(s),
lubricant(s), suspending agent(s), coating agent(s), solubilising agent(s), and other
carrier agents that may aid or increase the viral entry into the target site (such as for

example a lipid delivery system).

Where appropriate, the pharmaceutical compositions can be administered by any one
15  or more of: inhalation, in the form of a suppository or pessary, topically in the form of
a lotion, solution, cream, ointment or dusting powder, by use of a skin patch, orally in
the form of tablets containing excipients such as starch or lactose, or in capsules or
ovules either alone or in admixture with excipients, or in the form of elixirs, solutions
or suspensions containing flavouring or colouring agents, or they can be injected
20  parenterally, for example intracavernosally, intravenously, intramuscularly or
subcutaneously. For parenteral administration, the compositions may be best used in
the form of a sterile aqueous solution which may contain other substances, for
example enough salts or monosaccharides to make the solution isotonic with blood.
For buccal or sublingual administration the compositions may be administered in the

25  form of tablets or lozenges which can be formulated in a conventional manner.

The delivery of one or more therapeutic genes by a vector system according to the
invention may be used alone or in combination with other treatments or components
of the treatment. Diseases which may be treated include, but are not limited to:
cancer, neurological diseases, inherited diseases, heart disease, stroke, arthritis, viral

30 infections and diseases of the immune system. Suitable therapeutic genes include



40 126T (2 targets): GCATTATTACTCACGGTACGACGATGCATTATTACTCACGGTACGA 5Triple
combination target (126T/130aT/223T, 2 targets e Sh): GC AT TAT TAC TC AC GGTAC
GACGATGC AT TATTAC T C AC GGTAC GAA
GCGTATGCCCTTTTAACATTGCACTGATGCATATGCCCTTTTAACATTG CAC T
GCCCCGGTGGGGT AT T T GAC AAAC TGACATCACGGGGTATTT GA CAAACTGACA 10
Example 1 Construction and validation of lentiviral microRNA reporter vectors In order to determine
the activity of R AHNE AP AHPOIE RIS CRIBTAE Yar8 e oYy ERaAEE e BpDIations like
HSC, we took ﬁﬁ%ﬁﬂ@ﬁ@dﬁfﬁwri%é{\@&ﬁlﬁ?rV%&G%EVa@%@H&?&XPV%%HQ%@HNME@ vectors

can be down-regulated by endogenous miRNA for which artificial binding sites (mIRT, miRNA target
sites) are adddBOSHELr AHSIBNBIELIBEIBIBIBNRS BECIIN0E). RIRIGHSs YneeatiecBIEEStIAY lentiviral

MIRNA reportqfeyaa&s%yﬁﬁgiﬁg, QUEMBRNA BEHITY-HD ﬁﬁﬁbfﬂﬁ%ﬁ%ﬂeﬁ@@}? SRITBSAutiQn.
Bidirectional lentiviral vectors (Bd.LV) allow the coordinate 20 expression of two reporter genes driven
by a conzg':]uti\é;‘% Ero%oter with bidirectional activity, composed of the human phosphoglycerate kinase
(PGK) promot 0 a TATA-box in the form of a minimal cytomegalovirus (CMV) promoter in
opposite orientation (Amendola M., 2005) Since this design allows both reporters to xpyessed as
ot inlependas BRI SISt et Cart LB AT AT S Uy By g
MIRT to the 3'gdikRkrlmikkNberépopteshfwhnRNAaoter aparaied &guippedweitotidKinkeitl fbidbe
affected by the mi%ﬁlA and l\4vill Serve as an internal control ("normalizer"). We cloned a panel of such
Bd.LVs contaiﬁflr?g g%‘feérén?la}%rlggggm protein (GFP) as the miRNA reporter and a truncated version

of the human low-affinity nerve growth factor receptor (NGFR) as a constitutively 30expressed
normalizg, iR _126: UCGUACCGUGAGUAAUAAUGCG
miR-126T sequence:
GCATTATTACTCACGGTACGACGATGCATTATTACTCACGGTACGAAC
GCGTGCATTATTACTCACGGTACGATCACGCATTATTACTCACGGTAC
GA

15
miR-130a: CAGUGCAAUGUUAAAAGGGCAU
miR-130aT sequence:
ATGCCCTTTTAACATTGCACTGTTCGAAATGCCCTTTTAACATTGCACT
GACGCGTATGCCCTTTTAACATTGCACTGATGCATATGCCCTTTTAACA
20 TTGCACTG

miR-223: UGUCAGUUUGUCAAAUACCCCA

miR-223T sequence:

GGGGTATTTGACAAACTGACACGATGGGGTATTTGACAAACTGACAAC
25 CGGTGGGGTATTTGACAAACTGACATCACGGGGTATTTGACAAACTGA

CA

126T/130aT 2/2 combination:
GCATTATTACTCACGGTACGACGATGCATTATTACTCACGGTACGAAC

30 GCGTATGCCCTTTTAACATTGCACTGATGCATATGCCCTTTTAACATTG
CACTG




41 tissue, miR-223 and miR-126-3p. miR-223 was reported to be highly and specifically expressed in
differentiated myeloid cells, but absent in Iymphoq‘/‘tgs (Fazi F., 2005), allowing us to test the
performance of our reporter Bd.LVs in well characterized lineages. Moreover, we wanted to explore
how miR-223 was expressed in 5 hematopoietic stem and progenitor cell (HSPC) populations. From a
gene therapy perspective, it would be highly relevant to identify miRNAs that are strongly expressed in
HSPC but not in differentiated progeny, in order to prevent off-target transgene expression in sensitive
stem cell populations while fully maintaining therapeutic correction of the diseased progeny.
Large-scale miﬁglﬁéglgj}@gssyas 10 suggested that miR-126 might fulfil these criteria, as it was
specifically detected in human CD34+ HSPC but not in other hematopoietic cell population (Landgraf
et al., 2007). (el duddd Aln bl Hals Vo sde il & Srd! phis L7l Bl (a DASKAN g
Bd.LV-126T, respectively), as well as a control Bd.LV not containing any miRT 15 (Figure 1). These
vectors were then evaluated on a panel of different cell types (Figure 2). HEK293T embryonic kidney

cells, U937 mdidgtroemiaatiog Higshhl ambira Ve Endstneatarcaehy (HUVECS) were transduced

with matched ¢asasrafBiACtc Bd G ERRECATH RS EMOTATNhaptyZeEioTROe IR A EXPression
by flow cytometydrAG S ereradpxa elfer Tretsauqtion THieERT CESCrMESARNAP TS

undetectable leygisTf iR CEHICUB A A MITE NOAARGHT SHranAly EXPIESSEUR AP POIAN0t
mMiR-126 (Fig.2ahancaTdMESss express miR-126 but not miR-223 (Kuehbacher et al., 2007). As an

additiongjgontrol, we engineered HEK293T cells to ectopically express miR-126 (Figure 2a) by
transduction with an LV containing the pri-mir-126 under control of a ubiquitous promoter (now referred
to as 25 HEK288dhpmiR-126, as opposed to the wild-type HEK293T cells). In HEK293T cells, the
GFP mean fluorescence intensity (MFI) of NGFR-expressing, transduced cells was identical for all
three Bd.LVs (ﬁi u glgtl%rllefltl&o%%%%ﬁqrﬁp tprar;[in%' rpiRQ-f?tZS nor géliR-126-3p were expressed
in these cells. In sﬁarp contras , cells fransduced with BELY 5537 shdwed a substantial 30
reduction in GFP MFI compared to Bd.LV.126T or Bd.LV.ctrl, indicating that miR-

In order to determine the activity of miRNAs in hematopoietic cells including rare

and poorly characterized populations like HSC, we took advantage of our prior
15  observation that transgenes expressed from lentiviral vectors can be down-regulated
by endogenous miRNA for which artificial binding sites (miRT, miRNA target sites)
are added to the transgene cassette (Brown BD., 2006). We thus aimed at constructing
lentiviral miRNA reporter vectors reading out miRNA activity in real time and at
single cell resolution. Bidirectional lentiviral vectors (Bd.LV) allow the coordinate
20  expression of two reporter genes driven by a constitutive promoter with bidirectional
activity, composed of the human phosphoglycerate kinase (PGK) promoter fused to a
TATA-box in the form of a minimal cytomegalovirus (CMV) promoter in opposite
orientation (Amendola M., 2005) Since this design allows both reporters to be
expressed as two independent transcripts, one of them can be made responsive to
25 miRNA activity by adding miRT to the 3'UTR ("miRNA reporter"), while the other
one, not equipped with miRT, will not be affected by the miRNA and will serve as an
internal control ("normalizer"). We cloned a panel of such Bd.LVs containing the
green fluorescent protein (GFP) as the miRNA reporter and a truncated version of the
human low-affinity nerve growth factor receptor (NGFR) as a constitutively

30  expressed normalizer.

We chose to investigate two miRNAs thought to be expressed in the hematopoietic



42 223, but not miR-126, was biologically active in U937 cells. On the contrary, HUVECs showed a
repression of GFP specifically for Bd.LV-126T when compared to the control vector. Similarly,
HEK293T.LV.miR-126 cells transduced with the Bd.LV-126T reporter strongly down-regulated GFP
expression compared to wild-type SHEK293T cells (compare last to first plot in the third row of Figure
2b). To describe miRNA activity in more guantitative terms, we calculated a "Protein Fold Repression”
value (FR) based on normalized mean fluorescence intensities (MFI) of the miRNA reporter Bd.LV

respect to the B&1teolBR:2Y3(migurdRdy ordradeiime forvasterantad (e Redtigblyertid nBfsHissveen

vector QVOUDS,é&’ﬁr&%iHQE@r&%JFE&r LiRdesmalizeaNGE R Wﬁiﬁﬁd&rft@r@%&p@ﬁ iﬁbgtgghiometric
amounts with the miRNA reporter, GFP. Thus, we gated the FACS analysis on the NGFR positive

cells, and calcallteing Yrafsdeshdams ror)cioldmy tfeNSFRMP Dintvect chakasicréredach

Bd.LV. The Tq{ﬁe‘ﬁ@é@in%cffgo%% MRNK IeRAres Veghtsee (Bl 228D ot BidkV LabdssEasngetively)
were then divided by the TGR of the control Bd.LV. This 15 quotient, which we call "fold repression”

from now on, iBSABERNeHEh Bt Bt PIRSSBIEACHAHEIRR b PRV i anse A3PithigehR hsEaportion of

the vector dosgargsRANRE GUNBLRNDOraKdRs afiantitalivRdaagout IRNMIRMNA aglivityrimihe
analyzed cells (Figure 2c¢). Our miRT were designed to be perfectly complementary to the cognate

MIRNA. We thE&PEs§36€ 1Y FtliGr M6 aabin re bR RiEtony IR SRR NIACRHSTe ta Yy RYaB 0 OBiotargshrove this,
we measured NGERANGGRRIBRNA tansciptsibn REIQRSRIM IS RN Hia 293 a\hiniR-126

cells, and calculated an "RNA Fold Repression™ as outlined in Fig.2c. Indeed, GFP transcripts were

reduced relatiVB¥3IEERWVESHAPLS IntlRSseIds ogim¥ellstagermenlasmRNA cloning has

HEK293T(.V.RiBsd26dB8 d: VnlR 6D sl masrsifown Y the-aalcadated RN dialdiRepsrssionivalues of 7
and 14, respectively Zg%gigure 2c¢, diamonds). Taken together, these results indicate that our
. ai

miRNA-regulaf8tingy iy PELBACE PfieK RemaioRg e rh mopulasitidiemrdemf 6hAbwn and

previously pubjisored miRNA expression data. In addition to conventional miRNA profiling techniques,
our vectors report not just the presence of a miRNA, but also its 30bioactivity. FACS analysis of cells

caryng o S SRS o oo 49 TS ae ks gphotand s s
immunophenoBghiny - lédracigrizaivoty pf 48iR-2P 3sandcconifie L Bal Activityticdheimagsenhem&dpoietic
system 15  (Figure 1). These vectors were then evaluated on a panel of different cell types
(Figure 2). HEK293T embryonic kidney cells, U937 monocytic cells and human
umbilical vein endothelial cells (HUVECs) were transduced with matched doses of
Bd.LV-ctr, Bd.LV-223T and Bd.LV-126T, and analyzed for reporter expression by
flow cytometry (FACS) several days after transduction. HEK293T cells express low
20  to undetectable levels of miR-223 or miR-126, while U937 cells strongly express
miR-223 but not miR-126 (Fig.2a) and HUVECs express miR-126 but not miR-223
(Kuehbacher et al., 2007). As an additional control, we engineered HEK293T cells to
ectopically express miR-126 (Figure 2a) by transduction with an LV containing the

pri-mir-126 under control of a ubiquitous promoter (now referred to as

25 HEK293T.LV.miR-126, as opposed to the wild-type HEK293T cells).

In HEK293T cells, the GFP mean fluorescence intensity (MFI) of NGFR-expressing,
transduced cells was identical for all three Bd.LVs (Figure 2b, left column),
confirming that neither miR-223 nor miR-126-3p were expressed in these cells. In
sharp contrast, U937 cells transduced with Bd.LV.223T showed a substantial
30  reduction in GFP MFI compared to Bd.LV.126T or Bd.LV.ctrl, indicating that miR-



Once demonstrated the reliability of the reporter Bd.LVs in measuring miRNA 5 activity in cell lines,
we moved to investigate the activity of the aforeme‘&tioned MIiRNAs in primary hematopoietic cells. To
this aim, we took advantage of the murine model because it is widely available, easily manipulated in
an experimental setting and well-characterized. In fact, when aiming to define miRNA activity in rare
HSPC populations, the murine hematopoietic system, well characterized by surface 10 markers,
represents a great advantage. Our experimental approach was to enrich murine HSPC from bone

marrow by deplefingtineaherifnidt pyatiaotesicatyy ragitguce MHEAT viithleftirden RN eporter
vectors and transRlpetstaRse GeUSIpiRGHRlY HaRiglad RaNGeRIF ERCINENs GTIGenSRRNA ACtivity

was then monitored in periﬁJheraI blood leukocytes over time to determine their activity in differentiated

15 cells. After (athte ediffattYRGiehad BHar e ) HideVviaiR-befn sptipetiansssriRNBbatifity was

determined in gwitiplg i@ﬁ%ﬁ@ﬁ{é@%@ﬁ%ﬁ%@ﬁﬁ@@&ﬂ% Wﬁ%@é‘sé’iﬁﬂ‘b@ﬁ?ﬁ%ﬂ%@ﬂ&t dhis way,
we wanted to assess whether these miRNAs were expressed in prospectively identified HSPC. In

particular,we WERSS3}D erlte framedh e fist nlobinsthedbarietivd Mgdeptitive HSC

compartment. The first set of 20 mice was transplanted with HSPC transduced by the previously
described reporteddsckiby sniFae AL igdviBdib Yreits, (imbtmitectansplantedicBritk ¥ 2235 btdir 6 stiice; or
Bd.LV-126T, n=4 mice). Periphera| blood (PB) was sampled 8 weeks after transplantatjon, apnd
ukocyte pop TETRS S LT AT B TPOLEE Brh BT S e ML Il 25
granulocytes (P hliBNgidemeastaBldiISE thipcmonbeyias (& BUlIbY $5gle) 28 celis(cdndfyrand T
cells (CD11b- 9-) (Figure 3a). GFP miRNA reporter and NGFR normalizer expression was
uantitedt wit FHIREES 1ETHS ) iCeRslby PACST R SRS b o Sl Sl essed i
all leukoayte subseidigeliWadHRYMvBdiLMctraraod BBd. LYV sicbiotiantdusceatSREL we noiRN A profound
down-regulation of 30 cifically in PB myeloid cells but not.in ocytes within the
B Lv-o93T AHGED. Couar AR BPRIF S S Atod s SOTTARILS S6IF+&Bfession i
granulocytes andcniaredcytesmmespeativelV (WG, diRkidizg WwiaINGFRANE ibyRBel €kikb avitels fifrigure 3c).
In order to charactey] e miR- and miR-126 profile in distinct HSPC sub : rificed
LV reportef Mk A sub et i RIPHBRL 18 RN A SIS F SR o i analysis
in order to pro$ekLVu &6t antiby distilyg tvypeogeriiativadd $te mhedGRIbH drutatians Bohnisivakidone for
the mice scribeg a?ov ut als intalgubse uent (ta>§jperiment on mi etra(p%)lanted with HSPC
uotient, whic 0 T 9

expressing a more eensitve MR repor]ieel?rﬁassl(é% on a dedabitizet varla%lf.\‘fiﬁfgrre%%erter
contains a prolné-glutainatiers vk (thrkasinetthidh (RESE ] fosaou efcbdusecbtadtize-Egayminus of

O e eSS e PR A 0 St e,
allowed us to ritopa@c2eirately oeRaC wahranigeirdrik bbApexfertlysmmplticnpogsibhocognauring the
transit of HSC toWRIKS (RMMNES RIRARRIP (Rl QeI AL IHR IR W Svere degraded.
20  To prove this, we measured NGFR and GFP mRNA transcripts by RT-QPCR in U937
and HEK293T.LV.miR-126 cells, and calculated an "RNA Fold Repression" as
outlined in Fig.2¢c. Indeed, GFP transcripts were reduced relative to NGFR transcripts
in U937.Bd.LV.223T cells as well as in HEK293T.LV.miR-126.Bd.LV.126T cells, as
shown by the calculated RNA Fold Repression values of 7 and 14, respectively
25  (Figure 2c, diamonds).

Taken together, these results indicate that our miRNA-regulated Bd.LVs faithfully
reported miRNA activity in cell lines, consistent with our own and previously
published miRNA expression data. In addition to conventional miRNA profiling
techniques, our vectors report not just the presence of a miRNA, but also its

30  bioactivity. FACS analysis of cells carrying our Bd.LV reporter allows assessing



15 dGFP signal, which is lower than the standard GFP, autofluorescence in each individual
subpopulation was subtracted from the GFP MFI by including a group of mice carrying a Bd.LV-NGFR
vector which did not contain the GFP gene. The F &s plots in the following Fig. 4 were obtained from
the BM of mice transplanted with the more sensitive Bd.dGFP vectors. However, the determination of
miRNA activity in 20 the mice carrying the standard GFP reporter gave very similar results, so that
fold repression in Figure 3c could be calculated on the merged data from the two independent
experiments pEHBMeactBdeHt the smgiziceddgvel20d puthwespitblesion it vz e bstpiorrigiicroRNA
activity in mur jng HsRG-andikaicaoganyivesthenauanifiad Bl Heraysmprotein levels in multiple,

prospectively identified hematopoietic subpopulations isolated from the reconstituted mice. The HSPC
compartment was defined as bane m rowf&BM cells having.a c-Kithl Lineage markers-11w
immunophenoly BESIREARHHER STt HE RaAoAS A i EP S LA R o
differentiation potential based on expression of Sca-1, CD 150, CD48 45 and CD45. Of note, 3 out of
5 cells with theOnmmuleopimstatypetleeKitlSdakiy bin(KSi3obDds@dlICB48r wersuepgriedRiShave

long-term,.multilineage repgpulating potential ypon single, cell transplantatiogn, and thus represent bona
fide HOC. TKiet N b T e o R S 8 s A SR e
we 5 subdividedReSca Limeage- belistintoisubsetidseriichkd famyranulvokelthentegtepribgenitors
(GMPs) vs. megakaryocvyte and erythrocyte, progenitars (EP),.and ass d miRNA expressjon.
imerestingly. M T2A S LR S e o 42 b AP Loy i e b RERRL ) o
the most primitieetiigSOdand lthimactivityewds iBst.duhiery eanyestades rof diffdkéntiationy(Figare 4).

Importantly, m{Rsp 10 126, miR-130a and miR-1 re.largely inactive.in differentiated cells of the
ympoid and RS A e A o R oL ich
seem to Ié-estadlistrsoragrchegte e ofnerR allR BngagivitPuniRqx2 Brwaklexppessdd wathéontajoeiy of KSL

cells, and in al Oi itQr t I -re in.EPs. Agexpected,
miR-223 was g@§§$5§\%$%§§p%%%%%% urir%%/?A n%@é\%@%%gl\réé%félarﬁgﬁ%\?vdfﬂ%%ein%ﬁls I){?)mphocytes
were devoid otia{fdgeedlEa). vilbolentermblers RNhe epiRel Ag2achusitdrt(amisplagy, tiRe-984Hs miR17-5p)
resulted highly, ssed P [ suppressi i) Intal ring further
differentiation,lzilqrilsgf §e§%‘%§%§%osl%ﬁ?§ 31(;%{!%%@%{/% %ﬁﬁ?ﬁ%ﬂ% %%?%Yr}g%\ﬁa%f%gﬂ égf;ﬁg %%rg%lrlgnulocytes
(Figure 5a). Fipeatiphteal7bleethileadoofiesubstartisles tp detesiviecathivityaiiiaihhemdibpuintiated|l types,

including, jona fifje HRG. GOHNIY 5}*@@1{{%&&i9&@?%&&%%&%%%@%&%9%%9 8fii§‘1§§ from

conditional suicide by miR-126 The aforementioned miIRNA activity footprints were base
prospective is@kitigtyowas determined in multiple bone marrow populations defined by surface

immunophenotyping. In this way, we wanted to assess whether these miRNAs were
expressed in prospectively identified HSPC. In particular, we wanted to determine
whether miR-126 is present in the most primitive HSC compartment. The first set of

20  mice was transplanted with HSPC transduced by the previously described reporter
Bd.LVs (see Fig.1; Bd.LV-ctr, n=5 mice transplanted; Bd.LV-223T, n=6 mice; or
Bd.LV-126T, n=4 mice).

Peripheral blood (PB) was sampled 8 weeks after transplantation, and leukocyte
populations were sorted according to physical parameter and surface markers into
25  granulocytes (CD11b+ side scatterhi SSChi ), monocytes (CD11b+SSClo), B cells
(CD19+) and T cells (CD11b-CD19-) (Figure 3a). GFP miRNA reporter and NGFR
normalizer expression was quantified within these leukocyte subsets by FACS (Figure
3b). While GFP was similarly expressed in all leukocyte subsets derived from Bd.LV-
ctr- and Bd.LV-126T-transduced HSPC, we noted a profound down-regulation of
30  GFP specifically in PB myeloid cells but not in lymphocytes within the Bd.LV-223T



25 hematopoietic cell populations according to immunophenotype. In order to conclusively establish
the activity of selected miRNAs in functionally defined cell subsets, we devised a conditional suicide
system based on lentiviral vectors expressing the herpes simplex virus thymidine kinase (TK) gene
regulated by different miRT sequences (Figure 6a). As TK is very stable with a half-life of -35 30 hours,
we destabilized the TK protein (now called dTK) by fusing the PEST domain of d4GFP to the
C-terminus of TK. HSPC were transduced with one of the indicated 46 suicide vectors or a GFP

control vector, HABPw BN pIEted ipn <imdBidlhasinmty sndisrierltad Pricddsed dr dBkbiaussigity (Figure
6b). HSPC traﬂ%gﬂ&ﬁﬂa&tt&%e%ﬁ%%&ypﬁé%&@vega QiMRIEISRI . LRIORIRS B hBRIeSRNaE Of GCV.
I

Adding miR-142T sequences to the dT anscrgg; completely rescued colony formation, in line with

the 5 pan-hem&tBsKEe digreesieh Bt tiehiRNATaBIS BD.mB6E) ek hiR-Podiediieast

partially restorggl#her qi@wth Qfvxeleid colemiesd ‘B'ﬂi'@\%é&%ﬁ@ m@wm{wmﬁﬁet@a&@m&@nﬂy
reduced (p<0.001) and did not differ statistically from control TK-transduced cells. A partial rescue of

myeloid coloniB¥HRAE dRcoBtaliied WitHTHRURIRIGBY TP A S0 TS dlofdelelR| PEAPEREY Phtained
with miR-223T; & ey 10strlt Ef@g’&m%ﬁl ther grayyitenfshepdsyeleid and endhmigcRlomniesindhe

miR-130aT groups, in line with the sharp down-regulation of mir-130a during early steps of
differentiation. deSCAPE% AR HevRIb pEPai it VIVBS&aHSHe SRSAENH M ORMFatE NN A Aty in

functionally defiRed HRbreddiga TH /26 SMiSIHOSYSIRNINERUERSICBHsEiViSIPR inRisialiiRitepecome
toxic. Pilot experiments co-transplanting TK-transduced cells with untransduced BM su ing cells

| ort
indicated that ¥ 1§ek Tifh e EBATSE SOB@VSyideRIRkRF %H@Wf%@é@ra%wgrgﬁ%e(rEtEér'ﬁ);ienuy

e'iminateﬁ)TK'i@ﬂ@ﬂé@ﬁﬁ%&@%t&f&UQ&%ﬂﬁiﬁtMGﬁQ@@@Bm shawmedieihas Bﬁﬂé&’é&ﬁlﬂ HSPC
with either a miRNA-regulated bidirectional suicide vector exPressing dTK-126T or dTK-142T 20 and

GFP, or a confiePBHRBRAIQRILHEReisH dhp rastsHy thrriciiveARFEER adirdite S abodtiwith the

control or one of thergniiRNA-fgelade dIsUide ety sHgtedhen eRittanspIpsiR Nt eoRgRpIC mice,
which did or did not receive GCV during the engraftment phase (Figure 601. Long-term analysis of

peripheral bloSd ARsErSlFisAbchARRE S MRTSF FEPRgesteR- wWBikhRass B cRaSHY dHRRSatEs in

(ICY-treated 2&dnige oWWMBCGoRarae|isonehsitie hid dosieaserh relatvadyenasrs. ddisnias elserved in
multiple Iineages# ranulocytes, monocytes, B- and T lymphocytes) and over a > 7 manth time period,

for both d?K-198FT agibk MU - HFakeyftdiatel8e THRdaEh (& E taBRHTHRSE 560 MiR- 38 and
MiR-142 are expiRséesd KubpoguRisy SREBHACH IFoie Gufentiey s tachieneni Tlomsasein
expression and cell death induced bKI?,OIgICY. 47 . . ,
mice carrying a Bd.LV-NGFR vector which did not contain the GFP gene. The FACS
plots in the following Fig. 4 were obtained from the BM of mice transplanted with the
more sensitive Bd.dGFP vectors. However, the determination of miRNA activity in
20  the mice carrying the standard GFP reporter gave very similar results, so that fold
repression in Figure 3c could be calculated on the merged data from the two
independent experiments performed (Bd-ctr, n=10; Bd-223T, n=9; Bd-126T, n=13

mice).

25  Footprinting microRNA activity in murine HSPC and their progeny

We then quantified BALV reporter protein levels in multiple, prospectively identified
hematopoietic subpopulations isolated from the reconstituted mice. The HSPC
compartment was defined as bone marrow (BM) cells having a c-Kit" Lineage

-/low

markers immunophenotype, and further subdivided into fractions with different

30  self-renewal and differentiation potential based on expression of Sca-1, CD150, CD48



Safety of exploiting miR-126 regulation for gene therapy We then derived a transgenic mouse line
(Tg.126T mice) which harbors germline integrations_of a lentiviral vector expressing a d4GFP.126T
transcript from the same promoter used in the BdLV studies described above. FACS analysis of Lin-
BM cells 5 of young adult Tg.126T mice showed a similar pattern of miR-126 activity as observed in
the transplanted mice (Figure 7a). This confirms that miR-126 is physiologically expressed in HSC
miR-126 is known to be expressed in endothelial cells, and loss-of-function during deveLogﬁrg‘_ent

resulted in fetahdriaffy QieniuetetihvelahgRliedbishesrmmmoptiByyRo Gloks Piehotyiic
abnormalities yyese ) 10presentin g o6 Tdpigd¥haniaid36-mige %ﬁﬁliﬁ&@%ﬁ%ﬁui&%ﬁ of

normal size that maintained the average number of vector integrants of their parents were obtained

(Figure 7b). THeteRiAlHBR TS Ih S8 b kisnsakinintptnans kv seressptieorededivthekiel MJ.,

phosphoglyceraigsinase-d iz Gl R omaten sichnat intesiar e yithomousk drYRIRRMERIng dhRrgues
against the hypothesis that miR-126T expression could 15 interfere with the regulation of natural

+

miR-126 targetebdisiltdiietar elidngngier trbsd R cerhgtincas crerdrfph eraadositamiemet¥icissue in

hematopoietic Gelbenis: S eI Ps FOMRPELiiaKaR B eXPRAFS %&foﬁs Veffd
co-injected with equal numbers o% CD45.2\;é+§H§Sr%£%}r%m Tg.l%%T m%g into lethally ifrta?c?i,;ted CD45.1+

recipients. Perispers o BN finfamssisipls dipiesingYnalitBiled romidt 1638 12pdamdy kst time of
analysis) at argyd AR AR AT Selts RO HOERIMA T PIRO thisepaRS (T ause 74 d trgether,

these data indicate that miR-126 is expressed in primitive HSC and the biosensor approach provides a

powerful, non-85%E &S| estidurtg e atasidticibrseatiptioning@ s e /PSHAARYh &I of mIRNA

expressiqn. Chamcigrization ehaandrlatessi RNARSEN YRRV ReMataniedicceRYSASREN
characterization of miR-223, miR-130a and miR-126 activity in the murine hematopoietic,sg%stem

proposed thes MRNAAE Jrafiith giofeesenslil utoration infidagiaHsyehiesataieth HsPc

while allowing gharaReyiis exaiassiminiivmiardspxelRisansiwmrhod salisityVarexpsought to

investigate the activity of these miRNAs in human hematopoietic cells, which are the actual targets for
gene was expressed 1n the majority of KSL cells, and in all myefoid progenitors (GMPs),

but was sharply down-regulated in EPs. As expected, miR-223 was progressively
15  upregulated during myeloid differentiation, while B- and T- lymphocytes were devoid
of it (Figure 5a). Also, members of the miR-17~92 cluster (miR-19, miR-93a, miR-
17-5p) resulted highly expressed in HSPC. However, their suppressive activity was
maintained during further differentiation, and decreased to some degree only in
terminally differentiated B cells and granulocytes (Figure 5a). Finally, let-7a retained
20  substantial suppressive activity in all hematopoietic cell types, including bona fide

HSC, consistent with its ubiquitous expression pattern.

Protection of HSC from conditional suicide by miR-126
The aforementioned miRNA activity footprints were based on prospective isolation of
25  hematopoietic cell populations according to immunophenotype. In order to
conclusively establish the activity of selected miRNAs in functionally defined cell
subsets, we devised a conditional suicide system based on lentiviral vectors
expressing the herpes simplex virus thymidine kinase (TK) gene regulated by
different miRT sequences (Figure 6a). As TK is very stable with a half-life of ~35
30  hours, we destabilized the TK protein (now called dTK) by fusing the PEST domain
of d4GFP to the C-terminus of TK. HSPC were transduced with one of the indicated



30 therapy. We transduced human CB CD34+ cells with reporter Bd.LVs for miR-126, miR-130a,
miR-223 (Figure 8A). Cells were cultured in vitro quIer conditions which 48 provide support for
short-term maintenance of HSPC, and subpopulations based on CD34/CD38 expression were
identified by flow cytometry. Myeloid (CD13+) and erythroid (CD235+) differentiation was assessed
using the methylcellulose assay. miR-126, miR-130a and miR-223 all suppressed their respective
reporter transcripts 5 in the CD34+ HSPC population. Upon differentiation, miR-223 maintained
activity in the iisigfaVRsEds O WHAERt otidasedoautinl EriRHTSia differanisatidrimesiviRe G8trary,

miR-126 lost its, aekiityshing apelaid shifrrentiatian. ish naip@ingd bt @Y eishRepaRDy - These
patterns of expression were functionally verified by conditional suicide assay (Figure 8b) miR-130a lost

its activity in b38s e H/MRNRITO A58 EyaNSIaMERJRS . RIRSSALHI Q6O ettty 4 khe

respective po@é@i@f&%ﬁd&ﬁéed@ﬁ)t%ﬂ&%ﬁpc 1 @R RS ENeIeid %%ﬁﬁ?ﬁﬁ) MiRGA28vYRSHbhe most
potent miRNA in the CD34+CD38- CB .fractioél?éﬁ?ﬁe‘nr?cyﬁled for primitive HSPC.nFigu;e 8c/d shows a

further optimizBHRSPURPPAIRT SeYEEIRRD Hykis ABRIHY R 1o indIdm:-Istied. deiRdéds. 15
Example 2 Foweﬁﬁﬁb&%w%ﬂ&%&nthﬁg&w&\omeﬁléfémec%ﬁ@s{e%hﬂityr?ﬁqﬁﬁd,(éolony

over-expression in murine HSPC (mHSPC), we isolated Lin- cells from FVB/twi (GALC -/-) mice.

MHSPC were THREELCE at gndiceodxvitesad ¢red-09 therpre dich o baies piiatiseer tytdkae 20
combination (Riffibark209d0dnierdansausiion sallswerafilibicedolohikd daysalBovimaiadassess

enzymatic activity and the vector copy number (VCN) by Q-PCR. We compared the eipression level of
n

GALC with the"giethepiRs 56T Htheshyacsiomiar kvs) thas thatabiiaedowih (RBsRY InFGduronidase
(IDUA), abtainggipy,FResedciRg %R SrwWishh the Gonirah yesjeisofR s fhiVsandHPAR LMoA vectors

expressed the 25 transgene from the same expression cassette containing the human PGK promoter.
Since our aim $a4R% dBripsrd the BRZAHMP AR RKprREIeR #f st e dWingsBEviisREPect to
physiological engssmeatienels in wild type HSPC, mHSPC obtained from ARSA KO mice and from IDUA

KO mice were used for ARSA.LV and IDUA.LV transduction, res&)ectively. Transduction of mMHSPC
reconstituted We then developed an In vivo suicide assay to demonstrate miRNA activity in

functionally defined HSC. The TK/GCYV suicide system requires cell division in order
15 to become toxic. Pilot experiments co-transplanting TK-transduced cells with
untransduced BM supporting cells indicated that a 1-week time course of GCV given
within the first 2 weeks of engraftment efficiently eliminates TK-transduced long-
term repopulating HSC (data not shown). We then transduced HSPC with either a
miRNA-regulated bidirectional suicide vector expressing dTK-126T or dTK-142T
20  and GFP, or a control bidirectional suicide vector expressing dTK and ANGFR. Cells
transduced with the control or one of the miRNA-regulated suicide vectors were then
co-transplanted into congenic mice, which did or did not receive GCV during the
engraftment phase (Figure 6¢). Long-term analysis of peripheral blood chimerism
indicated that most of the NGFR" cells were efficiently eliminated in GCV-treated
25  mice, while GFP" cells persisted in increased relative numbers. This was observed in
multiple lineages (granulocytes, monocytes, B- and T lymphocytes) and over a > 7
month time period, for both dTK-126T- and dTK-142T-transduced cells. These data
establish that both miR-126 and miR-142 are expressed in long-term repopulating
HSC to sufficient levels to prevent TK protein expression and cell death induced by

30  GCV.



30lysosomal enzyme activity in -/- cells and led to enzyme over-expression with respect 49 to wild
type levels in the cultured progeny of transduced -/-{nHSPC (Figure 9A). However, the increase in
GALC expression (2 fold above wild type) was signiticantly lower as compared to the increase in IDUA
and ARSA obtained by IDUA.LV and ARSA.LV controls (320 and 5.6 fold over wild type, respectively),
despite similar 5 VCN. A similar experiment was performed on human HSPC (hHSPC), isolated

through CD34+ selection from CB obtained from normal donors (n.d.). h(HSPC were transduced at
MOT 100 with T ANeXRIRKIRG Mikid 6 (AU BrBGiRIIgRYtimized transduction protocols

105. Similarly ig f{H&P GorWe YRR BOZUNE L GRCTYiEY1 PReP RSN RAYGH UBeRMNGTTO
culture of the transduced cells, GALC.LV transduction of HSPC from n.d. CB (n = 4) led to limited

over-expressidRBERHEOBh & deit iHE L YR FERIEPTOGeh I Ko B Ardaner TRUEANY e s28yand
ARSA.LV (n =) srtralsdligurre BRLV sdibrairrdimddrainctiones GhkGiespiessiBgldSRC upon

LV-mediated GALC 15 expression The effects of transduction and enzyme expression on mHSPC

clonogenié podhiiavieradalisdsédody mice shewsd e ramiamBatanGALOIBHPIARS AN At ansduced

mHSPC were gggdegifanceleny: AR BAWaF Lhesemis TaRtrebMaesoMaliepzrMesinge it was
previously shown to not affect HSPC function (Capontondo et 20 al., 2007). In 12 independent

experiments GRYS AUQeiraH¥ RrdsessedafdiSG. MIRsP datBage o be Sypiressduin rerfintbelalmber of
colonies as copaparesdo I RAM AN MARPAL VIt spead sellgtthigHreldAleHAMN-Qub e8lls).

Colonies from GALC.LV transduced mHSPC were of markedly reduced size as compared to controls

(Figure 24B). TRESE Y8t ARgSistdHitRal GARROBY eNexBiessift e S RIE \A DR EP f¥HSmpaired
mHSPC 1300nOg&@%@ﬁIﬁ!’gi@hﬁhﬁi&laﬁméﬂ"P@.@Q@H&E%EI%@JQ@R%M@M@@@%MD@&GALC-|-V

transduction was similar to controls (not shown), suggesting that enzyme expression impaired the

different hematbpidRaintiineddhe F5ee SAmRPes Al ey thisHaahabihrghipiralisteicRPBiReE

over-expressingiBaraatepaigticdatagrmitarss thaoignéssionastigrtentRelpessiblpascurengarsf an
negative selection of highly transduced mHSPC, we quantified the VCN of colonies by Q-PCR. Q-PCR

was performed® B RASHRIElH eack T oPEMIHieSithobf waterfrisde Hibrdapuse

development, and argues against the hypothesis that miR-126T expression could
15 interfere with the regulation of natural miR-126 targets in endothelial cells under
these circumstances. To further rule out this latter issue in hematopoietic cells, we set
up a competitive repopulation experiment. CD45.17 HSPC were co-injected with
equal numbers of CD45.2" HSPC from Tg.126T mice into lethally irradiated CD45.1"
recipients. Peripheral blood chimerism was stable and maintained for at least 1 year
20  (latest time of analysis) at around 40-50% CD45.2" cells (n=4) for all major blood
lineages (Figure 7c). Together, these data indicate that miR-126 is expressed in
primitive HSC and the biosensor approach provides a powerful, non-toxic means to

identify hematopoietic cells at the single cell level on the basis of miRNA expression.

Characterization of candidate miRNA activity in human hematopoietic cells

25  Our characterization of miR-223, miR-130a and miR-126 activity in the murine
hematopoietic system proposed these miRNAs as promising endogenous regulators
for limiting transgene toxicity in HSPC while allowing therapeutic expression in
differentiated myeloid and lymphoid cells. We next sought to investigate the activity
of these miRNAs in human hematopoietic cells, which are the actual targets for gene

30  therapy. We transduced human CB CD34" cells with reporter Bd.LVs for miR-126,
miR-130a, miR-223 (Figure 8A). Cells were cultured in vitro under conditions which



5 to have a sufficient amount of material for the analysis). Colonies obtained from GALC.LV
transduced mHSPC showed a significantly lower v%tor content when compared to controls (Figure
10A), suggesting the occurrence of negative selection of highly transduced progenitors. According to
these data, we could not discriminate whether functional impairment 10 and in vitro selection were
due to a toxic effect of transduction or to the presence of contaminants released by vector-producer
cells and co-purified with the vector. It must be mentioned that, during GALC.LV production, 293T cells

detach from plBtR¥IdSuEPSihEhERTALMeRBHSHII ts b XIS Bisory thiearoprlpdiqns hied @%son, the

incorporation afialee|ss ARViRGH AT A 285 Tisel's e VERRroilo @1SpSTRUAR could not

be excluded. To address this issue, we generated a control vector regulated by an

hematopoieticSPEERid idPaRNA A Rrentinin sy Becssed rusinfetdequehyiecibiepe ASFPORNA 142

incorporated deyynggam;iig JRNsaeaqRlow %%BBF@@%&M&%%%&W@H&BQ&%H@&W&& progeny
without impairing GALC expression in non-hematopoietic cells, such as 293T LV-producing cells. This

20 technofogy 1 Hhadel ¥h ARTErRRUBSSL: HRea HiGHI RN iR A raRRIAINbagiHFédBed only

by hematopoiatig GallSiJRCIRIZRS Henidl IRt SaGLRAREAE HRMBSURARTE dipBRgRAG @NAMRNiRES the
translation of the transcript and expression of the transgene. As expected, transduction of mHSPC

with GALCmir£2Daryy WH-hot REdE AeiiVy shiHtg eaxe e dikieesniiing brfgtrnidrgd Midreover,
MHSPC transqpeeahwiitBidpfpbsyMiThé! datdins & eibHnatiected clonggenieanignsial and

similar vector content as compared to controls, thus confirming the previously observed impairment

being depend&aPaHienal svisidsassisn(freyir SR bAY RV (v iosiditantthisyomebeths i mzeloid

over-expressign@Ise-RRbmamdd SRC. OihalicwRie iselatag Nam ndvigB andiRM rRgen the
collected BM of a GLD patient that 30 was scheduled to be discarded. An equal number of LHSPC
were transducBARMAo8E gl B bindieaiad, hagr agteng DeaniFive LisidwaiB deddeasiiccFc

assay, in ordepigsapsess therotrnaganicniantial3sf e sduaedshénatifed ForiptacaseigPmurine
cells, GALC.LV transduced n.d. and GLD hHSPC showed an.imfaired clonogenic patential (Figure

11A). Colonied 1ty SRf chovtrafutheeaniimdemton hiheani’ Sigsareartipyosearriamsmedent,

when compareg ¢ caateiR - BrRdUERE &iZzesand conserved erythroid-myeloid proportion, again
suggesting negative selection of the highly transduced progenitors (Figure 11A). Also in this case, the

control v?gtor g}élLCrlni 42T.LV was used to rule out an aspecific toxic effect of transduction. As in the
case of murine ceﬂﬂsl? GALCmIr142T.LV transduced hHSPC (n 10 = 4) showed GALC activity and

clonogenic potential similar to those observed in control cells (Figure 11A and B).
Forced GALC expression in HSPC

In order to assess the feasibility of GALC over-expression in murine HSPC
(mHSPC), we isolated Lin- cells from FVB/twi (GALC -/-) mice. mHSPC were
transduced at MOI 100 with GALC.LV in the presence of an optimized cytokine
20  combination (Biffi et al., 2004). After transduction, cells were cultured 10-14 days in
vitro to assess enzymatic activity and the vector copy number (VCN) by Q-PCR. We
compared the expression level of GALC with the over-expression of other lysosomal
enzymes, Arylsulfatase A (ARSA) and -Iduronidase (IDUA), obtained by transducing
mHSPC with the control vectors ARSA.LV and IDUA.LV. All vectors expressed the
25  transgene from the same expression cassette containing the human PGK promoter.
Since our aim was to compare the enzyme over-expression in transduced -/-HSPC
with respect to physiological enzyme levels in wild type HSPC, mHSPC obtained
from ARSA KO mice and from IDUA KO mice were used for ARSA.LV and
IDUA.LV transduction, respectively. Transduction of mHSPC reconstituted

30  lysosomal enzyme activity in -/- cells and led to enzyme over-expression with respect



Overall these data indicate that forced GALC de novo expression upon LV transduction exerts a
detrimental effect both on murine and human HSPEZ leading to negative selection of GALC
over-expressing cells and to functional impairment. %5 Impaired in vivo function of HSPC upon
LV-mediated GALC expression We performed in vivo experiments with the aim of assessing the
repopulation potential of m- and hHSPC upon GALC.LV transduction and GALC de novo expression.
In vivo studies wermerformed on twi and FVB/twi mice for mHSPC, and on Rag2c mice for hHSPC.

20 Our initial éRpBiilheps WaidspbroieradiBiedniegesy LEdrsl vt e oMEISBCad iEErMAY in the

Methods SeCti@{bv@eﬁéﬁt tﬁ%ﬁiﬁ@ﬁé?@fﬂ@&i@’@%x@@éﬁ@%ﬁ@tR)ﬁP&EB@eC\QHQi%ﬁﬁ)‘%a@g&ﬂm%ﬁﬂ@ice- Total
BM transplantation from wild type donors was performed in these mice, resultlnglplgﬂa s%nlflcant

increase of thdRWifEsiarPP 400 i asasrel AN Yepdrd B oy Petringbby Hillfithik¥rynd
experiments aligued defiping o5 U opfimes itadiatiep Qﬁﬁet-yﬂél,erb'ﬁ?e&ﬁ&iﬂﬁ}?rdé freCMiag the
CD45.1 allele allowed evaluating donor cell engraftment, since twi mice carry the CD45.2 allele.
Because 6ur gX&ans to transduce twi HSC, we tried to set up transplantation of LinHSPC, in order to
reduce the number of cells to be transduced and transplanted as compared to the use of total BM

cells. HSPC fromsimilidhty pepetitigrnicaswasecithéansducedattid@rC LOMBHO)P GKILEdPiha d(GFP.LV), in
the presence g 52 optimized cytokine combinatjon (Biffi et al.,, 2004) (Figure After
transduction, céﬁg %eﬁeeqﬁ‘é%%lbl ﬁ?gbl m |8Chﬂ%{ﬁ;9?}rr Jidtedl y-%(?BQ(Wi &rﬁ'&qey'oﬁi@gm%%‘? Control
groups includeghalsinded midéGiarEphaitedwitt Wid RS BM\oahdnHTE s LSUnisinghyy mindldifferently
from control animals, HSPC-transplanted -/- twi mice 5 did not syryjve after lethal cqnditioning, thus
Su0gesting thel R Sl ATGH BT PHUEFaopTats U Hc T GoBy Wrd U (BB
support G6P.LaétirarysducaditGRG emdraitaientipyncan transplevitatioroof thatransdiuced BdMiderived
hematopoietic itted progenitors, ed of HSC_ These cells were obtained by magnetic
depletion of S ALk TEPHB ST T ot e O e Bt P RS TERRRE ORGP Ly
transduced +/-o1 the callymedinnb@oatiuced cell+pbgainyelisdaaaphed acsiDiMalSimiarto thadne

obtained with +/% tqtal transplantatign (Fi 12B). The engraftment of GFP.LV transduced HSPC
was evaluated‘%%#%o%\? t%r_naéir%/%(l%r{ Og%ﬁ%] Fglabi?éiod. Five-six weeks after transplantation,

cytofluorimetric analysis revealed a high 15 engraftment of GFP+ HSPC-derived cells (Figure 12C).
Thus, co-transpranaistibnnofvitre Suxitiprogefitdks respueditite Id8RLctivieornighatmdintadf pufkified HSPC
and allowed p@{g{gg@gn of lifespan and amelioration of phenotype of twi mice similar to those
obtained with total +1+ BM transplantation (Yeager et al., 1993; Wu et al., 2000).

The effects of transduction and enzyme expression on mHSPC clonogenic potential
were assessed by CFC assay. Equal number of GALC/GFP/ARSA.LV transduced
mHSPC were seeded for colony assay. ARSA was chosen as control lysosomal
enzyme since it was previously shown to not affect HSPC function (Capontondo et
20 al., 2007). In 12 independent experiments GALC.LV transduced -/- and +/+ mHSPC
gave rise to a significantly reduced number of colonies as compared to GFP.LV and
ARSA.LV transduced cells (Figure 10A for GALC -/- cells). Colonies from
GALC.LV transduced mHSPC were of markedly reduced size as compared to
controls (Figure 24B). These results suggested that GALC over-expression upon LV
25  transduction impaired mHSPC clonogenic potential. The relative proportion of
erythroid and myeloid colonies upon GALC.LV transduction was similar to controls
(not shown), suggesting that enzyme expression impaired the different hematopoietic

lineages to the same extent.

The reduced clonogenic potential of GALC.LV transduced mHSPC could result from



20 Once the transplantation procedures had been optimized with +/+ HSPC and GFP.LV, twi mice
were transplanted with GALC.LV transduced -/- HSPC and with either +/+ or GALC.LV transduced -/-
Scal- cells. Twi mice that received GALC.LV transduced -/- HSPC and +/+ untransduced cells survived
significantly longer than mice transplanted with +/+ total BM or with +/+ HSPC and Scal- progenitors,
and showed 25 amelioration of their phenotype and slower disease progression (Figure 12B). This

data suggested that GALC over-expressing HSPC transplantation provides a unique therapeutic
benefit as conipardenth ebhiEHYdFHS @@ﬁ%@é?{ﬁ%%&bﬁmﬁw%mwréf bALC.LV

transduced cellg g the %Me@fiEﬁ%SE{H@i%QYbQ'%%rﬁé’ﬁ‘cﬁo%@daﬁ |%%¥%O§M$INW@%KMCN),
between 0.8 and 1, thus %ﬁgestlng that 30 only GALC.LV transduced cells with low VCN had been

able to engraft&fsed rineleBs . thienfeantisdebsivEE - afirrodemes - B:E Botd-BaRsdieed with

GALC.LV, dieggfismigthah eoditaningr iad saliepBancimilaioindniesied aucaaddassragsults
suggested that GALC.LV transduced progenitors failed to support HSPC engraftment, resulting in

engraftmeht faifuf®had sUHSIB§BULSREBhtiuns R sRenthiopsisie) Virelgatse e inssk B /twi mice
instead of the gsupttyvivmesdliat QLR ke pslvamtadg dramdheyslightly lRssosevsiRmaagly previous

experiments showed us that the successful transplantation of Lin- cells without the need of
Scal-supportingPERRSHAS porsniteirigie Hodefurs etz rrBIRAT iR RagRlivG gelertiersothus
allowing 10 usHggue.As@IeRT o8& -/- mice to isolate mMHSPC. Transduced mHSPC were
transplanted into lethally irradiated 8 day-old FVB/twi -land heterozygous (+/-) recipients (Figure 13). In

order to reduce biological variabilify, we transpjanted -/- and +/- littermates. Mice of the .control group
ero tranapiar B Ui e e B T E PR SHATAR g A B AREAL
efficiencyl 015 waé eveaittatesdoyi@ytorodmeatiya today e fiferdfansddatioonas toethie pikecadtvte, while
the engraftment of transduced cells was evaluated by cytofluorjmetry on peripheral blood 6 yveeks
after HSCT. TRE VAL O SHe ey SHCT R HESh, AR SeRABHORSHR B 5 BF ol cells.
All the GFP-transglantedaiuned shahalwed aGigh@Eh i piindeoti of, t2a33ptatitedtcelisftbeiwress,63% and
85%), and all the 20 irradiati trols (lethally irradiated mice that did nat received HSCT) died
withih 3 weske SRS BRARB A I S RSATHAIND B O H QiR of ISP LA (e
receiving GFPihdbtpansihiced tdxienhiSleGiashikvedngrdlongettslirddad aftds |etial thondidsomning (up to

150 days), as compared to un-transplanted control mice. The survival of the untreated an
e b R R R e T S e
of twi mice, thusaonfixgirhg dtebinfiue heematfoiiecgierspitcifiackgooeRN An tvelEneriy2di Ine phenotype.

The engraftmeﬁtuofttran%,duced mH%I?%was al A\ﬁl ted %%%‘?raR on DNA tﬁgglcted from BM

transplanted mice at rs%ecrlsﬁgg?%%signlficgnlflécﬁara ment of & e sztcrga a(?s fieasured as

VCN per genoatleywés slgersecefpatsadd). iBOBHRMQIyndoth thengrofemicevitamsplantedingth
GALC.LV tran@lgﬁ%de;(/ﬁr%rsﬁgﬁ- in non-hematopoietic cells, such as 293T LV-producing cells. This
20  technology is based on microRNA post-transcriptional regulation: microRNA 142,
expressed only by hematopoietic cells, recognizes its target sequence downstream the
transgene and inhibits the translation of the transcript and expression of the transgene.
As expected, transduction of mHSPC with GALCmir142T.LV was not associated to
an increase of GALC activity (Figure 10B). Moreover, mHSPC transduced with
25  GALCmirl42T.LV (n = 6) showed unaffected clonogenic potential and similar vector
content as compared to controls, thus confirming the previously observed impairment

being dependent on GALC expression (Figure 10A).

We investigated the effect of GALC over-expression also on human HSPC. hHSPC
were isolated from n.d. CB and BM and from the collected BM of a GLD patient that
30  was scheduled to be discarded. An equal number of hHSPC were transduced with



54 mHSPC did not survive to lethal irradiation (death within 21 days, similar to that of irradiation
controls) (Figure 13 and data not shown). Q-PCR revealed very low to undetectable VCN in their BM
(Table 2). These results indicated a functional impairment of GALC-transduced mHSPC, which
became unable to repopulate a 5Slethally conditioned host. Apoptosis of GALC expressing murine and
human HSPC. Having detected a functional impairment of GALC.LV transduced HSPC, we evaluated
whether this could be due to apoptosis of the transduced cells mediated by de novo GALC expression.

The occurrencEdESPeNtesiIdRA4 dalaalaBatveontditresns tvaes pefsted Soadds dusyafier

transduction, whgn tf@%@@é%etﬁé(ﬂﬂ%ﬁ%%ﬁr ablyoreashes sleady Strte (GeeGRE axression in
Figure 14B) by Annexin V staining and TUNEL assay. The first technique labels early apoptotic cells,

and the second'BfiBelatelp Eistras @i h s @ngefel i iddRiRed shit ed Attc I aikR control

GFP/ARSA.L\;14tRke ﬁnﬁg%@ﬁ'ﬂ ?F‘i%ﬁ’i’@sf‘ﬂlgz cedpniererpiated Rnclovnatigalicapted spwerslips for
TUNEL assay or cultured in usual plates and stained for Annexin V and TUNEL. At confocal

microscopy, tha'farge mnsligHiicantyalor I\ eips aoREa mntsp c e U EL BtV BABCEShibited

enlarged nuclejiydthhaasiensed shr@mailm (eme pediing dheowidespseacheGrRULBNCSRiaRAPoSIs at
both time points (Figure 14A-B). On the contrary, ARSA/GFP.LV transduced cells were 20 mostly

TUNEL negati9&. e iiifisg E arnesieihd [G8etfréhte: ohBotdsis, stiswitlg £MYRET fraction

of apoptotic celisginong CALFriansduceaMuand RHISHE, 4% camnparditf cantipls(Rigurer14C).
Sensitivity to GALC expression toxicity is dependent on differentiation and cel 1 ineage
é%%ﬁe(&ctivity in

25Macrophagd& Bt sHRPogf 4 eh ceenpfBuapes b lid: Gruginf redotandrers
affected ﬂiﬁsue&m@h’@l@\%ﬂhﬁxﬂlﬂ VRS RY AR ciBﬂd@?& %’E@miﬁ@@ﬁﬁl@pm%@@@%méﬂé@iﬁv €

evaluated whether a prototypical monocytic cell line (U937), primary human monocytes, primary
murine macropRatekesHa figrsgila 2 Bkperience GALC expression toxicity upon LV mediated
gene transfer.

Overall these data indicate that forced GALC de novo expression upon LV

transduction exerts a detrimental effect both on murine and human HSPC, leading to

negative selection of GALC over-expressing cells and to functional impairment.

15 Impaired in vivo function of HSPC upon LV-mediated GALC expression We
performed in vivo experiments with the aim of assessing the repopulation potential of
m- and hHSPC upon GALC.LV transduction and GALC de novo expression. In vivo
studies were performed on twi and FVB/twi mice for mHSPC, and on Rag2c mice for

hHSPC.

20  Our initial experiments were performed on twi mice, a severe model of GLD, as
described in the Methods section. A first set of experiments was devoted to set the
condition for HCT in twi mice. Total BM transplantation from wild type donors was
performed in these mice, resulting in a significant increase of their lifespan up to 100
days, as previously reported by 115. These preliminary experiments allowed defining

25  the optimal irradiation dose. The use of donor HSC carrying the CD45.1 allele
allowed evaluating donor cell engraftment, since twi mice carry the CD45.2 allele.
Because our goal was to transduce twi HSC, we tried to set up transplantation of Lin-
HSPC, in order to reduce the number of cells to be transduced and transplanted as
compared to the use of total BM cells. HSPC from wild type (+/+) mice were

30 transduced at MOI 100 with PGK GFP.LV (GFP.LV), in the presence of an



55 Moreover, for further dissecting the specificity of GALC-induced apoptosis along hematopoietic
differentiation, we tested T and B lymphocytes. To é)zermit immunodetection of GALC and estimate
transduction efficiency, in some experiments we uséd a C-terminally tagged transgene, in which the
gene is fused in frame with the 5 sequence encoding the HA peptide from the hemagglutinin protein of
the human influenza virus. The HA-tagged enzyme had a specific activity comparable with that of the
un-modified enzyme, and was properly sorted to the lysosomal compartment (data not shown). After

transduction, WEEDHe @Ak MifeyBRiMHRIISHE thaéloctiite EBrabptodiEByirruadmtiadsay and
GALC activity. Age¥Rectedngl|dhe d 0l vpes,anaivzadsRomsdomdifieramtdeyeliof basabRALC

activity (Figure 17). Murine macrophages were obtained as the adherent fraction of peritoneal cell

collection. Prirfh@siligipaomided fsqérd reinatsanmlanted BiinvddyreaBYLor BB AGHSMice by
established pr@%%qsﬂﬁr(@ﬁmaﬁ@rwf%@mi&%n@ tthebrhnik36) Hisrther s daried bath Rmary

monocytes and U937 monocytic cell line. Human 15 monocytes were isolated from PBMC by positive

selection for tHECEL AHRENB ARRE Asdesorditipninstidie sHagrsHasvdR sétugelisinlgesrowd and

analyzing the %@pwm@mgiﬁw(pyggygqumetry (when possible) or by confocal microscopy.
Once the transduction protocol had been optimized, microglia and macrophages were efficiently

transduced wi G%.L /IGALC-HA.LV and gg;}tr 0 vectors tgg%;l{fo and_ 200, respectively, and
expressed GALC above %\Cég? e\}é?lss(‘ﬁgﬂ]fte ). en‘HAEHHTGN SS%%%‘T?(MOCEO fold to wt
level) were achigvgdanibiNE LodssaydetnonsBNeddavel agumenoyasio apopiosis falbgeingrGALC.LV
transduction and GALC ssion jn all tested cells (Figure 18). No differe was ohserved
atween + 1+ ANBR O (L GTs S GG A A5t BB AEPIFES POt qebfBhotrate
that HSCI genedfiitvarapylefBdtosfcells argdeotiaesnsitivgin Gl GhioxitiysilustaliggrbtiGyF iy in order
to develop a HSC gene ther strategy for GLD, GALC expression should pe avoided in HSPC,
whereas it shol KR o Gl DT AL o R Ty S SRS U S DR g the
enzyme to affeotéet tisrueistaibédtransformatisinBiVtatal spBM&idie sPpreiivdlyByimladyden flngent
experiments wit yies and m ages, transduction was optimized by using GEP.LV and flow
cytometry. B TS T SHEINRG S G Y CRT LAY A P BRI vectors
at MOT 100 whilecteie hitseht Mi@dr 1 Ganseemtased, faryToflubyminphacytamliBés pite gilisdainetighcrease on
GALC activity upon transductign, n ptosis was detected the examined time, points (Figure
70, s e g e hottdeT ek B enn Il AP pbic R At dAtehaty
sensitive to GAILE Sver-egprgasitons |restiredragelakider tneGehlgta exyere sefoplyrdRNSWZE.ahd In order

to evaluate the gffect of miIRNAI26-regulated GALC expressiop in HSPC, transduced mHSPC with
AL i1 2 L R SR T e OB TS E08 R O B EOB A AL ARG BAHE Rere
seeded for CFO@ssalytaned|tuigdtinalitrotfds Mvaraneplen taroB A Cagetietyahs ISP AnWQ-RGIR . analysis.
Transduction \%BOSSALC.miRl%T.LV allowed a reconstitution of GALC activity at supraphysiological

20  Once the transplantation procedures had been optimized with +/+ HSPC and GFP.LV,
twi mice were transplanted with GALC.LV transduced -/- HSPC and with either +/+
or GALC.LV transduced -/- Scal- cells. Twi mice that received GALC.LV transduced
-/~ HSPC and +/+ untransduced cells survived significantly longer than mice
transplanted with +/+ total BM or with +/+ HSPC and Scal- progenitors, and showed

25 amelioration of their phenotype and slower disease progression (Figure 12B). This
data suggested that GALC over-expressing HSPC transplantation provides a unique
therapeutic benefit as compared to conventional HSCT. However, when we evaluated
the presence of GALC.LV transduced cells in the BM of these mice by Q-PCR, we
found a low Vector Copy Number (VCN), between 0.8 and 1, thus suggesting that

30  only GALC.LV transduced cells with low VCN had been able to engraft.



15 levels in the differentiated mHSPC progeny, up to 2 fold over wild type levels (Figure 35B).
Importantly, the number of colonies obtained from mHSPC transduced with GALC.miR126T.LV was
similar to controls and was almost 2-fold with respéct to GALC.LV colonies (figure 21C), thus
suggesting that regulation of GALC expression by miRNAI26 allowed preserving the clonogenic
potential of transduced mHSPC. 20 These encouraging results prompted us to evaluate if the
unaffected clonogenic potential was due to the rescue from apoptosis of GALC.miR126T.LV

transduced mASERthakss tiahdBisciBit 7RIS werkideaddPeml meghtdreibatidasdevedsiptind

TUNEL assay @as @qripraied afis lgtﬁéldcérﬂ?tY&lQ{]gHF%Eﬁl I neclgval ghaneRicsiRwAsEYRluated by
confocal microscopy. TUNEL assay on GALC.miR126T.LV transduced 25 cells showed minor or no

apoptosis at bdthtRerBHESp sSSPt @Ak ¥ drmnsibesd raeperitvisyRikmhilarIy iPahat was

observed in celig pansdreesmith e ceptokhVrifigere Z26r8 ndNisdRgde menstairbihat
suppression of GALC expression by miRNAI26 could rescue mHSPC from GALC-induced apoptosis.

In vivo regulatifM3HPeAEE expression by miRNAI26. 57 The effect of miRNAI26-regulated GALC
expression on mHSPC repopulation potential was evaluated in +/- FVB/twi mice. Lethally irradiated 8
day-old mice weee deafiiidlaotegewWitiBxili GuiotRibdehd Vitiasseiuae dwi- mbdSP& aiwthdPfake GALC.LV

transduced cells and survival was evaluated at both short- and.long-term. 5 Simjlarly to what observed
with D1 b GATCTGES TRy e LS VESBiE Al ST D3 At TSP
were rescued ftemnadetbality andsplivivechl@fid terroe(movaibanic mesths ster-slippdidiftetantly from
PGK GALC.LV-transplanted mice that did not survi fter lethal conditionjng. When mice transplanted
with GALG, miRORE U A/ UEE S e eV T S0 A R 51 DA SRl & P
analysis Was pertormaed orugbt, numiberind-amévetagsoldtenndfSPEhus confirming the presence of
transduced cells in the BM long-term after HCT. Overall, these results together to those observed

ithCD11b G JV 1t f f Gl tecti
from de novo T G e b e
Forced GALC axphetgiory mtexit/ theigReh st mpirtoldiffénantatdd tednvatbpdieticat eisdtilify, develop

a model of geneeaiAB R UAagsRcSRE Sonyc R 0 B) BaSS, CRTIRG AT

mutation resulting in <5% residual enzyme activity 45 , with a GA FP-expressing lentiviral
vector (Figure ®#8AGTPahYduatishieeidhthecdlal B vduotoraricohgtitupe the AuG distidtydffithencyltured

progeny pj GLQa‘é%’x%ﬂ'u?a@Q&”%é%%ﬁ(?A S%Vﬁé/ﬁ?‘%?gfé%%ﬁ%}%ﬁ%ﬁég G ?Hér?ﬁ‘% Geciid type cells

25 (Figure 23B). Similar expréssion leve pon transduction of wild type murine HSPC

as well as hunvanle DB-epeSHOWImEh omasdaR GreBils (Figu iy 28BRdUhexpdefédlyinicitedGALC

expression impair [ Ity £ ri : t0;
GFP-transd uc@%ﬁcsgleg %?Fr}gg%] §3Q[7)%aé\£%jytgﬁqr§;st6;ﬁ0\?vﬁn .ﬂl'gLIJEI\IHgI}_%;aé{:%? &%gfn?g%jgﬁvﬁ%gy%héﬁer

transduction shﬁ%&&t?@&t"?ﬁé@@%j@ﬁy%%}Aﬁ@E BUFQBﬁ-G@P-@Q_n@E@c@dnB@P@W@@M\I EL
positive and exfiRiied £RIgRAGE RHHRWWER CORFRRted Rhfopatin.thigsss 23305 Fnd hEthe

20  irradiation controls (lethally irradiated mice that did not received HSCT) died within 3
weeks after conditioning, thus confirming the correct setup of HSCT conditions. -/-
mice receiving GFP.LV transduced +/+ mHSPC achieved prolonged survival after
lethal conditioning (up to 150 days), as compared to un-transplanted control mice.
The survival of the untreated and GFP-transplanted FVB/twi mice was longer with

25  respect to that observed in the respective groups of twi mice, thus confirming the
influence of the genetic background on the severity of the phenotype. The
engraftment of transduced mHSPC was also evaluated by Q - PCR on DNA extracted
from BM transplanted mice at sacrifice. A significant engraftment of GFP.LV
transduced mHSPC, measured as VCN per genome, was observed (Table 2).

30  Strikingly, both -/- and +/- mice transplanted with GALC.LV transduced -/- or +/+



58 findings suggest that the clonogenic impairment of GALC-transduced HSPC was due to the
induction of apoptosis, as also confirmed by annexin V staining (not shown). Functional impairment of
HSPC was directly caused by forced/de novo GALT expression and not by toxicity related to the
vector preparation, as HSPC transduced 5 with a miR-142-regulated, GALC-encoding lentiviral vector
showed normal clonogenic activity and absence of apoptosis. Indeed, the 142T sequence suppressed
GALC enzyme expression in hematopoietic cells but not in LV producer cells33 (Figure 23B).

Forced/de novB &€ ddpreistisr e Msntatiedidtiondderth wigiarahgleenssinglaAe thafpfsduced
murine HSPC failad tRressii Kismisadrom slethal ifrediasion (Rigptar2ARLaRORHSEW to

transplantation, macrophages and microglia are the effector progeny responsible for reconstituting

GALC activity Hdsteeifiaet ¢isdasthrd idYwhiablsr foxidiietsy ferelisydeditsiianfmeigitssion also

affected diﬁer%ﬂ%ﬁ%&ﬁ"éf ek Uighnadiesd RITATPHIRAY MQARKYtesablcans ﬁﬂ)ﬂﬁiﬂ@l@cl{te& as
well as mouse microglia cells with GALC- or control vectors (Figure 24B). While efficient transduction

and GALC ovefF@rPrecidifignsd bpshieved in all cell types, TUNEL assay showed low or no apoptosis
in the cultures (Figure 24B and C). Thus, sensitivity to GALC expression is a unique feature of HSPC,

which was not apsensd I DakiprhsimatopsietieceisnmiRI$ L6 regulation rescues HSPC from
GALC expression toxicity and enables gene therapy of GLD 25The selective toxicity of de novo GALC

cresson n SR AUIONE AR o R R BRI SRS B
system and evaluated whether this could be due to apoptosis of the transduced cells mediated by
de novo GALC expression. The occurrence of apoptosis was evaluated at two
10  different time points, 2 and 5 days after transduction, when transgene expression
presumably reaches steady state (see GFP expression in Figure 14B) by Annexin V
staining and TUNEL assay. The first technique labels early apoptotic cells, and the
second one late apoptotic cells. m- and hHSPC were transduced with GALC.LV and
control GFP/ARSA.LV. After transduction and washing, cells were plated on
15  matrigel-coated coverslips for TUNEL assay or cultured in usual plates and stained
for Annexin V and TUNEL. At confocal microscopy, the large majority of GALC.LV
transduced mHSPC were TUNEL positive and exhibited enlarged nuclei with
condensed chromatin, demonstrating the widespread occurrence of apoptosis at both
time points (Figure 14A-B). On the contrary, ARSA/GFP.LV transduced cells were
20  mostly TUNEL negative. Annexin V staining confirmed the occurrence of apoptosis,

showing a higher fraction of apoptotic cells among GALC-transduced m- and hHSPC,

as compared to controls (Figure 14C).

Sensitivity to GALC expression toxicity is dependent on differentiation and cel 1

ineage

25  Macrophages and microglia represent the HSPC effector progeny reconstituting
enzyme activity in affected tissues, including the nervous system, in HSPC gene
therapy approaches for LSD. We evaluated whether a prototypical monocytic cell line
(U937), primary human monocytes, primary murine macrophages and microglia

could experience GALC expression toxicity upon LV mediated gene transfer.



compared it to a transcriptional strategy based on the myeloid-specific CD1lb promoter to target GALC
expression to the differentiated HSPC progeny. Boég 30 strategies rescued the transduced HSPC from
GALC-induced toxicity (see Figure 23B-E). HoweVer, the reconstituted GALC activity was substantially
higher (up to 2 59 fold the wild type level) in the progeny of the cells transduced with GALC-126T
lentivector (in which GALC expression is driven by the PGK promoter) than in CD1 Ib-GALC
transduced cells, even when cultures transduced to similar vector cc&;y number were compared

(Figure 23B atd@govee apsofvehsedigsssting GaLoeedems RinfiAralvirteredifarerionsordeseted
human HSPC from GG doxieiythignien23Gang &)d Given ihe fikely,hgpafidomsiiprptysiological

enzyme activity in mature hematopoietic cells, we selected the miRNA-regulated vector for in vivo
studies of GLDW&@@?%UH@%&M& TR gHdmRe FrhrdhsH B SAiign Ehel GYIES-SIBTITBiral vector

and transplantgd {RoinewRQsRiTiRy MG 1 ha{EaRR aNteHiAias. Were SUcsessiiivaRwafies.(Figure

24A) and showed a significantly longer survival not only with respect to the untreated Trs mice

(p<0.000D), butcaREAEs (HEHIRE tHapdpamertidatiiam B oupeeiiiprieensPchpIy06?; Figure
24A and D). Mgiigeyeh WhaD TR @ﬁ@%@%g%etmﬁtﬁ@x&@m@cmmya&ﬁﬁ {RgItoWRE R EOPY

number measured in the BM, animals with the highest vector content showed a significantly longer
survival (Figur8fey, sramsiifisdoteatity sk SaprRipySotERdhiR by NS wprRiseRPR HHatopoietic
cells augmentgdha therapewio eiiereyiahktpctisansiasialionedndeedrefigetivmeehymiy ahthe

functional GALC enzyme to the affected brain and 20 reconstitution of the defective activity were

observed in th@ASHATANSE RInePaRtealsy e BEIE e il dure 54 e VIRY tHes cemesicdeAlb sy stem of
treated mige, GALG &tk wasHetesdaddbatiiontitoinl RalsaGiFRT dfitiatpgrhematonoietic cells, and

within Ibal-, CD45- non-hematopoietic cells (Figure 24F-1), demonstrating cross-correction of resident
cells likely du enzymerse retion b ghe tro § y of the 25 tran p{arétttled ag transduc dcl—hSPC.
mportanty, el UHGHt B O BB mANE 2 U e ndadat G AR reho HsSSCIATER Lo 4
significantly anceliecated Phisnofypdtofdheftraaiedinicersicdmaphfeshichinbiaatied affeatet-controls,
wih preservedwalking abilligs and feduged uiching, (GLD;esseeiatpgbintentiong! YY)
Further, we tested both primary monocytes and U937 monocytic cell line. Human
15 monocytes were isolated from PBMC by positive selection for the CD14 monocytic
marker. Transduction conditions were set up using GFP.LV and analyzing the
transduction efficiency by cytofluorimetry (when possible) or by confocal
microscopy. Once the transduction protocol had been optimized, microglia and
macrophages were efficiently transduced with GALC.LV/GALC-HA.LV and control
20  vectors at MOI 50 and 200, respectively, and expressed GALC above basal levels
(Figure 18). Even when high expression levels (up to 40 fold to wt level) were
achieved, TUNEL assay demonstrated low frequency or no apoptosis following
GALC.LV transduction and GALC overexpression in all tested cells (Figure 18). No
difference was observed between +/+ and -/- microglia (Figure 18 and other data not
25  shown). These results demonstrate that HSC gene therapy effector cells are not
sensitive to GALC toxicity, thus suggesting that, in order to develop a HSC gene
therapy strategy for GLD, GALC expression should be avoided in HSPC, whereas it
should be promoted in differentiated hematopoieic myeloid cells, capable of targeting

the enzyme to affected tissues.

30 Human T and B lymphocytes were obtained upon PHA-stimulation and EBV



60 Deep profiling of miRNA expression in the hematopoietic system The miRNA reporter vectors used
in this work offer the opportunity to measure miRNAGbioactivity rather than relying only on miRNA
expression levels, thus providing a biologically meaningful, quantitative readout of miRNA function.
Brown 5 et al. have proposed that a threshold level of miRNA expression must be reached for
significant suppressive activity against miRNA targets to occur, which might be the result of a limiting
RNAI machinery available within a cell (Brown et al., 2007). If small RNAs compete for limited RNAI

effector complEresfoanaengieitlyifR)n FeMof ESsprREEXIIN- muyPHarhedesshfy SoPsHE R Sn¥dBoration of
the MIRNA intg,aRRGHMEAA RESForhhuS, RasamiRNA SPesias:Mich aie SXITRIsedAa YRR low

levels, may have little to no activity because they are not part of a functioning RISC miRNA profiling

studies often cORSMEIBNIP rdvaRRRCaNTeTeNEES IRTHARNY eiBRedersd anditaH s indicAt Gtatistically

significant diffgiances WhichHmay RetdoWeNRHI TeleNANE tRWdeRS reavlafion (CRmbiniRg the preadth of
genome-wide miRNA expression analysis (e.g. 15 by microarrays or deep sequencing) with the

MIRNA reportd? BRI DSk 8ot @HstheReaRAEh & 0 ke LU MRAE SIRIGARCHORH WS to
stringently valiggigthe biplogical-aignificamca ofedifferentialipip¥neXpressiongndigantherssed to

longitudinally study the expression of a selected miRNA across multiple cell populations, with single

cell resolution HHPHIRINEENS e thabadibferapiptsdcheaanretaiy #rdlexpredbristeséibbied

MIRNAS in rarg.asiiRoRy ks Accessiblexgplisprpulations like HSC. Our miRNA reporter vector studies
not only confirmed data on miR-223 and miR-126 expression profiles described in the literature, but

added further information on the activity of these miRNA in highly pure HSPC subpopulations and their
progeny miR-223’ H%Psrﬁf’»&%%l‘i&?ﬁbgé? e%ﬁ%sdofblbﬁ'emi%%%%antly expressed in the myeloid

lineage of mice and humans (Chen et al., 2004; Fazi et al., 2005; Rosa et al., 2007). Indeed, our
reporter Vectolataldotnd thimdigHest TuR-0D hrathivit 2in geantatiat yidd. MerpmselomiR IEIBactivity

was also re‘_’e%b%d 40 %ﬁyﬁ%%éﬁﬁ i%@%ﬁ%ﬁ@’gﬁkﬁ' IS Bi?“‘r%lﬁltﬁ%‘%rﬁ%%?é@wr‘&?t?d to the
granulocyte-monocyte lineage. Our data suggest that at least some pluripotent 30hematopoietic cells
express miR-283\Lif hotrattlai) Myfteairvea sDimg, sedisibitity ssathed thesd Celbsarerpriitedon a
granulocyte-mgﬂl%c¥(§§ &%%9&1&%"@94]9@%{398} t%rsa@]and Q-PCR analysis. Transduction with
GALC.miR126T.LV allowed a reconstitution of GALC activity at supraphysiological

15 levels in the differentiated mHSPC progeny, up to 2 fold over wild type levels (Figure
35B). Importantly, the number of colonies obtained from mHSPC transduced with
GALC.miR126T.LV was similar to controls and was almost 2-fold with respect to
GALC.LV colonies (figure 21C), thus suggesting that regulation of GALC expression
by miRNA126 allowed preserving the clonogenic potential of transduced mHSPC.

20  These encouraging results prompted us to evaluate if the unaffected clonogenic
potential was due to the rescue from apoptosis of GALC.miR126T.LV transduced
mHSPC. After transduction, mHSPC were seeded on matrigel-coated coverslip and
TUNEL assay was performed after 2 and 5 days of culture. The level of apoptosis was
evaluated by confocal microscopy. TUNEL assay on GALC.miR126T.LV transduced

25  cells showed minor or no apoptosis at both the time points (1 %1 and 3%2 at 2 and 5
days respectively), similarly to what was observed in cells transduced with the control
LV (Figure 22A-B). This data demonstrated that suppression of GALC expression by
miRNA126 could rescue mHSPC from GALC-induced apoptosis.

In vivo regulation on GALC expression by miRNA126.



vectors allow fractionating these HSPC populations according to miR-223 expression and probe their
differentiation potential. These studies may provid%j novel way to prospectively identify myeloid
progenitors relying not only on surface markers, and possibly investigate the earliest steps of lineage
commitment. 5The expression of miR-126 in the hematopoietic system was poorly characterized until
now. A broad, deep-sequencing based, miRNA profiling study broadly assigned it to CD34+ HSPC.
We now show that miR-126 is active in murine and human HSPC, and in particular within subsets

enriched for thEnoifpinfiveRSE 1Bemingtsed, Sidd<Cofcprapstomatitn MHIRPL2a eramutytion

progressively degreasesad BeaROgIRioN P WiR:keO1tedmIan ddntedssfudhen saiabarated by an
analysis of BdLV.126Ttransduced CB HSPC freshly isolated from NOD/SCID mice performed by our

collaborator attt3PfRlantsidnisifh e CHdn ikl 20008, AgmsAvstact): otHdRfa stippbitha &ef/early

progenitor-spegifi¢ expieaalRalierA foh i RidZ6a Wiy SHANEIRG IR HAst %W%H@QB%@@@Q.GS-
15Interestingly, a subgroup of acute myelogenous leukemia (AML) characterized by mutations in the

"core-binding Rt BFYBxhrbssBS Highte(did B ARL2E o 1/-THE B driGaI &R S b-like

kinase (PLK-235ta \@lidatediferastrafwikahsd8cEd-Knl15pe beer recQanizes s adgguigtonef the cell
cycle and might act as a tumor suppressor gene in hematologic mal(isggancies. Given the tight

association of HHIRNMS6 INitHaTB C (R ardidying sl aditatsh itk th&desupive JBHA Dick at
UHN, Toronto pg agtivitly ofivmindga ifde whemihstemicalls duplvedafadie RuboRsHatiRshstanding at

the apex of the developmental hierarchy of AML, which is thought to be responsible for chemotherapy

resistance and"YoRhSBiE8 armsniiyed Kwih: %@df@?&@@oo‘?}f Pranhesd REREC suyREst that
AML samples,ditpattied|at ihesgsdSPONGiNg e PO ERbAIAYRS hah SBGrAMH- om@Ntest@ gradient

of miR-126 expression, being highest in_the LSC-enriched CD34+38-fraction and low in non-engrafting
fractions. This S4RENGTHiRES Y6-Rehbity [Eh&ArREMRES Enratasfantdm dies caidn the
immunodeficiephNY.aEhPariceIdhus, miR-126 activity, visualized by a lentiviral reporter Bd.LV,
could serve as a new biomarker and 30potentially therapeutic target for leukemic AML stem cells
(Lechman et aé), '

2008, .62 ASH Abstra%:g. utside the hematopojetic system, miR-126 has heen
extonshvely deS Al S5 Tt Oe PERTHL P O RGN S aho el CERSOAgogenesis
describes cells, show successful rescue of the GALC deficiency and protection from de novo

15  GALC expression in HSPC by our improved regulated gene therapy strategies.

Forced GALC expression is toxic to HSPC but not to differentiated hematopoietic

cells

20  To develop a model of gene therapy, we transduced HSPC from wild type and GLD
mice, carrying a point mutation resulting in <5% residual enzyme activity (Trs)",
with a GALC- or GFP-expressing lentiviral vector (Figure 23A). Transduction with
the GALC vector reconstituted GALC activity in the cultured progeny of GLD cells,
leading to a ~2 fold over-expression compared to GFP-transduced wild type cells

25  (Figure 23B). Similar expression levels were observed upon transduction of wild type
murine HSPC as well as human CD34" HSPC from normal CB or BM (Figure 23B).
Unexpectedly, forced GALC expression impaired clonogenic activity of both murine
and human HSPC as compared to GFP-transduced cells (Figure 23D and data not
shown). TUNEL assay performed two days after transduction showed that the

30  majority of GALC-, but not GFP-transduced HSPC were TUNEL positive and

exhibited enlarged nuclei with condensed chromatin (Figure 23E and F). These



the formation of new blood vessels through the growth of pre-existing vessels. Signals 5 promoting
angiogenesis include vascular endothelial growth fgl tor (VEGF) and basic fibroblast growth factor
(bFGF), which activate mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI13K)
cascades, regulating motility and proliferation of endothelial cells and consequent vessel sprouting
miR-126 has two validated targets involved in the angiogenic process, Sprouty-related EVH1 domain

10 containing protein(Spred1) and a regulatory subunit of PI3K, both negative re?%%lators of VEFG/FGF
signalling. EnctdEI tegrcr dhat gha ronoseran tepakpisng @6 GAdibgerereesd 1A Knaediswn of

miR-126 in Ze%ﬂﬂ%ﬁﬁ@ﬁé‘t‘f&g o Ki%?@%ié?%ﬁlﬁﬁhi@@ﬁfﬁﬁeﬂhﬁiyh@ﬁ%ﬁ hag@aﬁ%mn%ﬁ@mﬁ}c
development (Fish et al., 2008), while deletion of miR-126 in mice causes leaky vessels,

haemorrhaging VaRAOPaHENRS BRI PENfESBthaa? direddya f8usedt Dustneadideegiyralitiddtects in

endothelial cell grRlfgrtian HBQF@“&&&@W@I&@&Q%riﬁé@efé%@'%ﬁe?hﬁﬂtio%@@@)ﬂ@%oé@iR'126 is
expressed to biologically relevant levels in angiogenic endothelial cells as well as hematopoietic stem

cells and their Wihediat8i Brogenserisibstigl Cexpredsisn lsnhvinah oseedn oty sdctopimat

endothelial cellgoaBddd @t U8 ERRRAST %B@%@QUW@@H{WWW@%@@R&B%E&&sed
simultaneous aggearance of endothelial and hematopoietic cells (red blood cells) in the yolk sac, and

R 3
the successiv

gEHIES B dRaberiareisiicistHe BBragjoRalomesiephsditegion

(AGM) underlipe;gae-conyorrerigin &f thess LlteagegpRUSINGY i alse-estird (hemangighlast” cell
population. No surprisingly, there is a growing 25 list of genes, originally thought to be exclusively

expressed in VESEAIEPE Gt U et RavdiashartparIBE Btsdrihsesiytiohr favtsrs ko
membrang recepigrssideiion thesiie24ageptor, Sca-1, VEGFR-(FIt-1), VEGFR-(FIk-1) and CD31.
Given the functional and anatomical association between microvasculature and HSC through
development and in the adult bone marrow, miR-126 may contribute to the 30homeostasis of the

hematopoietic Djsdie ALY regulpadiabieraisnqigh ithdInendethelat and BRlePPRARLS.
Interference of miRNA-requlated LV with miRNA function )
responsible Tor reconstituting GALC activity in the affected tissues. To test whether
toxicity by forced/de novo GALC expression also affected differentiated cells, we
15  transduced human primary monocytes, T and B lymphocytes, as well as mouse
microglia cells with GALC- or control vectors (Figure 24B). While efficient
transduction and GALC over expression were achieved in all cell types, TUNEL
assay showed low or no apoptosis in the cultures (Figure 24B and C). Thus,

sensitivity to GALC expression is a unique feature of HSPC, which was not observed

20  in mature hematopoietic cells.

miR-126 regulation rescues HSPC from GALC expression toxicity and enables gene

therapy of GLD

25  The selective toxicity of de novo GALC expression in HSPC highlights the need to
tightly regulate transgene expression in HSPC for successful gene therapy of GLD.
We thus tested the efficacy of our novel miR-126 based regulatory system and
compared it to a transcriptional strategy based on the myeloid-specific CD11b
promoter to target GALC expression to the differentiated HSPC progeny. Both
30  strategies rescued the transduced HSPC from GALC-induced toxicity (see Figure
23B-E). However, the reconstituted GALC activity was substantially higher (up to 2



One concern about exploiting miRNA regulation is the possibility to interfere with the regulation of
natural miRNA targets by over-expressing transcri%s containing 5 miRNA target sequences. In order
to understand the biology and safety of microRNAregulated LV, we quantified the dose requirement for
saturating an miRNA's activity (Gentner et al., 2009). Measuring the loss of regulation of sensitive
reporters and a natural miRNA target upon challenging the cells with increasing doses of transcripts
containing miRNA target sequences, we found that the threshold for interfering with 10 physiological

miRNA regulati®ld iggehbeaPridty ahditdhcopiggsaxtchsdcribe H dsdvgs exprdssion-frohi&krong, viral

promoters miRNA{arast %Q%mmqp@%%g%im agmpsleyat EH@“P@K'ib?o?ﬁ@t&')%ﬂoﬂlycerate
kinase (PGK) promoter did not saturate miRNA activity, even at high vector copy number (up to 50

integrations). THi¥ shdébledrnatnsrdigallfe sUraivhesot s b eses sneiTdrse oy snayL5

therapy when gypiiessingche mRNA (egulktedirangcrpt e someterieniomoEadad sem a limited
number of integrations per cell. However, we found that lentiviral vectors can be engineered for

deliberatefy intSFaYHEY Wegioh Rt sk PSSt e TG andefib chrrisdie (E RN function.
When over-exprespNGRIENAAIGS) SRAMENESMIRM SRR NGRSy R O Hananstaled that

MiRNA activity could be saturated, resulting in the loss of regulation of natural targets for that miRNA
126. FurthermBFE1AP Rl dFAD suturslisir €Sl BERoreer By eehurifigfond ¥LBr BeKEr Rhrget

sequences. Fm;pgrtg@(%yr_egulated vectors, such as the one described in this thesis, we exploited
perfectly complementary miRNA binding sites which primarily result in degradation of the 25 mRNA
transcript (see Fig. 2c¢), similar to the mode of action of siRNA (Brown et al., 2007). As this process is
occurring with fast kinetics (Haley et al., 2004), the miIRNARISC complex actually works like an

enzyme with ht%’npger over-rate, making it inherentl difgc It t 5% atyr . On the other hapd, when
introduci\gg a mlsmatcwlgleil\r/%eétrlllcr\eugg%%igg Cguncgchv (1)t t#éerr?l} ﬁ%ga]fﬁg%ma‘%%%t%ne%uence,
30 transcript degnaplationl isnmopaget&1, redirecting e ntiRASTIMEN A cemplex teuttesgdlly
"translational repressiqn’ pathw. hich, is,also primarily.used by natural miRNAs.in animal,cells.
Since transiatioh A e e e e S e B O R
imperfect targetspesuitedhenoreeattididns imicorqpelitioely), Bhockilsg mikN Anactititpelspect tatherfectly
complementary t etsgﬁﬁgner t al, @)i rtantly, | ivirg;é ctor-based technology allows
stable integrat%ln?dg% lic exérr%%ss‘%%ega}s%égg dé@%%e% %emg%lg n@;ﬁg{%{ﬁ? o W‘lgee rglggvneome, thus
representihg asplifordnganhidiealpywe stabisittedarshcg witledriRMAyactiviber Weasucckssthdy
exploited this tg¢chnology,to ohtain a stable knockdown of miR-223 .. Transplanting mice with,BM cells
ransciuced with e o e e o eion
of myeloid cell§iguggedtingsthatghiRse2B siotg chagranplegitesmogosyteprengr soigresiamagative

reconsituted N e e e T e o
miR-223 in thectegtitetiotebf enflapimihtorfunvyeioidl ¢efd.C enzyme to the affected brain and
20  reconstitution of the defective activity were observed in the brain of gene therapy
treated Trs mice (Figure 24F-I). In the central nervous system of treated mice, GALC
activity was detected both within Ibal®, CD45" infiltrating hematopoietic cells, and
within Ibal’, CD45  non-hematopoietic cells (Figure 24F-I), demonstrating cross-
correction of resident cells likely due to enzyme secretion by the progeny of the
25  transplanted and transduced HSPC. Importantly, reconstitution of enzymatic activity
and increased survival were associated to a significantly ameliorated phenotype of the
treated mice as compared to untreated affected controls, with preserved walking

abilities and reduced twitching (GLD-associated intentional tremors).

DISCUSSION



15 (Gentner et al., 2009) Strikingly, these mice phenocopied a recently described miR223 knockout
mouse line (Johnnidis et al., 2008). Apart from genetic knockouts, miRNA loss-of-function studies were
limited up to now to transient transfection of chemically modified miRNA antisense molecules called
"antagomirs"” (Krutzfeldt et al., 2005). While effective, their use is limited to cells, which can easily be
20 transfected, which is not the case for most primary cells. Furthermore, the knockdown is transient
and thus not easily applicable to genetic model systems. We envision broad applications for LV
mediating stabREFRIRIAl ATHEVEMIPB oA S MHPBPISHE 618 investigate the
physiological role of miRNA.  Applications of microRNA-regulated vectors for hematopoietic stem
cell gene 25 thEiapyniRMeApadisineef vegoriengenenerisession dfrk Weedesssideniythis weskuhas also

relevant implicatigns, for gene therapy. Most clinical gene therapy constructs contain upiquitously
expressing prcﬂﬂgg@ \B}%ﬁﬁlﬁﬂﬁréﬁ%@ rf?l?ﬁ?slr presSiby ot @’f@?ﬁ%ﬂ‘é?&?& cEl'ypes, but

also result in ofidargiegexpiessieally higactpit, expreasitr 3Qainresuli RNAxfuHyicauBierselection of
gene-modijfied cells, triggering of an 65 immune response. djrected against the transgene product, or
cven oncoents Pt RNV a0 ATESREbY a8 21O E BONoEAI! JE0R B et 1.
2007; Woods etgifi2iGuphdelisigeniRRidids 4aagst sequencasdasatthesape vilei dhansgeneedgiivered to
HSC would 5 prevent expression in the myeloid pro , Including locyte mgnagyte progenitors
and at least a Soifa2tid IH’{J?@ER 6%%6 i%%%%&%ﬁ/”%%ﬂl& Fglﬂ?#ﬁof% ﬁﬂléﬁa&e%@e pression
in the lymphoidrasnd Redrzeddinpageorn henicdehRiicaii effafton BotipbexwhiahsigBtionglyexpriessed in
HSPC but not i?differentiatedbp ogeny of the mﬁeloid.and Iémphoid [ eaggi lJows preventing

e B

10expression Of & POt T SR e BRNS AN LR A W& ¥ining
expressian an®ikerapiaisticheficatRNAthpediseaskitiprogeryressed to very low levels, may have

little to no activity because they are not part of a functioning RISC. miRNA profiling
studies often consider only relative differences in miRNA expression and can thus
indicate statistically significant differences which may be, however, irrelevant to gene
regulation. Combining the breadth of genome-wide miRNA expression analysis (e.g.
15 by microarrays or deep sequencing) with the miRNA reporter Bd.LV approach adds
another dimension to the study of microRNAs. It allows to stringently validate the
biological significance of differential miRNA expression and can be used to
longitudinally study the expression of a selected miRNA across multiple cell
populations, with single cell resolution and in living cells. We used this approach to
20  study the expression of selected miRNAs in rare and poorly accessible cell
populations like HSC. Our miRNA reporter vector studies not only confirmed data on
miR-223 and miR-126 expression profiles described in the literature, but added
further information on the activity of these miRNA in highly pure HSPC
subpopulations and their progeny. miR-223 has previously been described to be
25  abundantly expressed in the myeloid lineage of mice and humans (Chen et al., 2004;
Fazi et al., 2005; Rosa et al., 2007). Indeed, our reporter vector data found the highest
miR-223 activity in granulocytes. Moreover, miR-223 activity was also revealed in
monocytes and in a hierarchy of HSPC, in particular progenitors committed to the
granulocyte-monocyte lineage. Our data suggest that at least some pluripotent
30  hematopoietic cells express miR-223, in both mice and humans. One possibility is that

these cells are primed for a granulocyte-monocyte fate. Our bidirectional reporter



Toxicity of GALC de novo expression Enzyme replacement and gene therapy applications in LSD
patients (Rohrbach et al., 2007; Brady et al., 2004)6?nd animal models (Biffi et al., 2006; Sano et al.,
2005; 15 Hofling et al., 2004; Sands et al., 1997) have generally demonstrated the lack of toxicity of
lysosomal enzyme administration and expression above normal levels. In the case of Metachromatic
Leukodystrophy (MLD), the safety of LV-mediated over-expression of ARSA, catalyzing the step
upstream of GALC in sulfatide metabolism, was demonstrated in mHSPC, hHSPC, and transgenic

mice (Biffi et avegouualbvdisénisitg diesre, BODT)pprslaptigrsrarditedstmiRol HSPer s therapy

for th.is dis?aS%ph'l%E%b&vﬁl&%%fffgi‘&lﬁﬁﬁf&ﬁ%éﬂﬁmdm% Qﬁﬁfi%_ﬁofﬂ?ép%\%@ ¥ iHQv%I‘QvH}\{B’O
functional impairment of murine and human HSPC after LV-mediate ALCgene transfer and

expression. GRICPEGHrahystisasdy el dpoecaroRdal Hngandealynoy eritpd datka antthiled to

engraft and longdepny isPaRIAterRYRIerRRIRteA 2T HAQSRIapIagRIGRTS. This was associated to
negative selection and and apoptosis of highly transduced HSPC. The lack of apoptosis and functional

impairment observed in murine an%h an HSPC, transduced with a control vector in which GALC
expression s rLBISHBEFBY G FBHSFNA (MLkh R BHRBA G XN SR B FSed i
hematopoietic hingagecell Hriddrawepeldsgue28a)baedfi RN Hgofiiue sty Beoad iexpsgsed] GALC in

determining the de f S d cells, Differentiated cells are less sensitive to GALC-related
toxicty W not SR ook el CACRY 018 HBNel STt FGage (P BHOLHBE HSFbeytes,
macrophages aimdl imiptogdiahandtbellsfbests athec hisk dgethebriolig paernidrecyiss, asunwel asrheural
rogenitors) (Gritti et al., personal com ication), are not affected by LV-mediated GALC
Ovon-expressi ol PP TSR oBbRal o HAUALS DT SRR A5 AT Hg o of
sphingolipid-mediatesd contiohahcelSsuridvalsthdriclvisobppacantly last shalyigsdibfe BdibigtiRsinto mature
myeloid, T and B cells, whigh is restricted to the hem ietic lineage. A 10 possible explanation
forthis, mignt BT Sh Otv S SR N et ML E GOnip AT SInEY <o ypea.
such as microghf arondigo dentiatyteoiMace lechihenrele df, spoisgolSiH MétabelismOanddthe
consequences of an altera,[tigp in the content of Cerfand derived mol %:ulesfsuch sﬁ% andt 1P, might
vary accordings?g%%rﬁ t?pésean%arc}ﬁfe‘?reo fAton %RS&Iels? F%)?pé%sﬁ%llel? "Bffett ofintracliufar cer 15
accumulation isilefigegenanostytiesvwas:siu dischgasdepth, with conflicting findings. A recent study
reported that induction of acid sphingomyelinase, which is responsible for Cer production from

D 2008 The e R e S A Y ot
g . pathway seems to be involved i oligodendrocytic cell death induced by oxidative
stress or by amyigitions in the "core-binding factor" (CBF) expresses high levels of miR-126 121.
The authors identified polo-like kinase (PLK-2as a validated target of miR-1 26.
PLK-2 has been recognized as a regulator of the cell cycle and might act as a tumor
suppressor gene in hematologic malignancies. Given the tight association of miR-126
20  with HSC, we are studying, in collaboration with the group of John Dick at UHN,
Toronto, the activity of miR-126 in leukemic stem cells (LSC), a rare subpopulation
standing at the apex of the developmental hierarchy of AML, which is thought to be
responsible for chemotherapy resistance and relapse (Barabe et al., 2007; Kennedy et
al., 2007). Preliminary results suggest that AML samples, in particular those
25  belonging to other subgroups than CBF-AML, manifest a gradient of miR-126
expression, being highest in the LSC-enriched CD34 38 fraction and low in non-
engrafting fractions. This pattern of miR-126 activity is maintained upon
transplantation of LSC into immunodeficient NOD/SCID mice. Thus, miR-126
activity, visualized by a lentiviral reporter Bd.LV, could serve as a new biomarker and

30 potentially therapeutic target for leukemic AML stem cells (Lechman et al., 2008,



20 beta peptide accumulation in Alzheimer's disease (Jana et al., 2007; Lee et al., 2004). However,
mature oligodendrocytes were also described as bg&ng resistant to some pro-apoptotic stimuli,
inducing Cer accumulation. Similarly, a differential response to pro-apoptotic TNF-stimulation was
observed in oligodendrocytic precursors, where a high level of apoptosis was observed and in mature
oligodendrocytes, which appeared 25 to be resistant to apoptotic stimulation (Scurlock et al., 1999).
Mature oligodendrocytes are also resistant to apoptosis induced by IL-1 administration (Brogi et al.,
1997) . This su%%@s’fé’%ﬁ&ﬁhe increase of intracellular Cer could be managed in different ways,
according to the pathways activated in that particular cell type and at that particular differentiation

stage Supportiogttis hiipaibesiepbieas Respmepated fthat hreinexeasevelyndaceibe@racer in neural
tissue, is managed. by the high activity 67.of acid ceramidase (Huang et al., 2004), This enzyme
Catalyzos the dQHULER BEa! 5 SBEOH e S BN Yo CESEEN D BTEORRs cels
from Cer-induckel fapaptsi® (Beitdlobalve20Shanttintiscas wiblfepadieristine veasdsogrmiity cells
(Harada et al., 2004), It could be hypothesized that a similar mechanism was_5 responsible for the
Fetuced Stns RO HHGBBSRRET I L AT Y e e B A L TR EBMimgolipic
metdabolichpatmmjmalsgwﬁm erglwg i(bgtilggdamdghgytgﬁgaw;'@iﬂt@genhwﬁmédi rpmyllaﬁnlaﬁmgdn order to
produce the myeli cosphinpgoljpids (¢ ran ide). Moreover, these molecules participate
I carbany crat AR A BRI Tor h G LS SEE o FERUVIOS B TE g ot .
2008). The reduotiteransitivityridothalidl delnavd expsegsidn-eekiteprapapiosis RISEWad ivenonocytes
and macrophages might be explained hoth by the activity of ceramidase and theiy secretory. action.
Roports show THLETIFR HOEHSI T LT i L B R oSy LRy cOFBled 0 So
and S1P]whictoatsisiagrpiesdin(Sined Lpapths maulaese soblecutePing biomigativd aghdasignals for
specific receptogs cytes (for a review see 78 142 143Han .,;2008; Mechtcheriakova
et al., 2007; Ri erﬁﬁﬁ&%o ﬁIB g}-gtra]%%i F\gﬁ%ﬁglcl%guéé%ﬁl%f@%ﬁé)%’és@oﬁe%%%féoand
efficacious GLEngegernitiarajpn20TReddgldatiat afiRarxganecbriigssioulisdomdeatonteseatan the field
of gene therapy. In particylar, the possibjlity of t-transcriptjonal regulation by micro R MiRNA),
2 recently OB e OCRHVED For QUG S SpTeier SBUes B ot ar. B8 Vhe
deletion of miR-126 in mice causes leaky vessels, haemorrhaging, and partial
15  embryonic lethality, due to a loss of vascular integrity and defects in endothelial cell

proliferation, migration, and angiogenesis (Wang et al., 2008).

In summary, miR-126 is expressed to biologically relevant levels in angiogenic
endothelial cells as well as hematopoietic stem cells and their immediate progeny.
Interestingly, expression of miR-126 is another factor that endothelial cells and HSC
20  have in common. In fact, during embryonic development, the simultaneous
appearance of endothelial and hematopoietic cells (red blood cells) in the yolk sac,
and the successive emergence of HSC and endothelial cells in the aorta-gonado-
mesonephros region (AGM) underline the common origin of these 2 lineages, arising
from a so-called “hemangioblast™ cell population. No surprisingly, there is a growing
25  list of genes, originally thought to be exclusively expressed in vascular endothelium,
that have turned up in HSC and transcription factors and membrane receptors such as

the Tie2 receptor, Sca-1, VEGFR-(FIt-1), VEGFR-(Flk-1) and CD31.

Given the functional and anatomical association between microvasculature and HSC
through development and in the adult bone marrow, miR-126 may contribute to the

30  homeostasis of the hematopoietic niche and regulate proliferation of both its



transgene, according to cell type and to differentiation (Gentner et al., 2008). In this study, we applied
this innovative technology in order to suppress GA{l),g expression in 25 HSPC, which have been shown
to be the most sensitive cells to GALC over- expression toxicity, while allowing enzyme
over-expression in differentiated cells, which are responsible for GALC secretion and cross correction
of oligodendrocytes. In particular, we selected the microRNAI26, which was reported to be more highly
expressed in HSPC, as compared to peripheral blood mononuclear cells 145. Our data 30
demonstrated tRaPthlirdguhHRY SPERYT HERpression by the HSC-specific 68 MIRNAI26, protects
HSPC from GALC de novo-induced apoptosis in vitro and Transduction of GALC -/- HSPC with

GALC.miR126hdMdpensritechiRareconstitulionvol RRZYRALC Aclévitn in their differentiated progeny at
supra-physiological levels, without impairing the clonogenic potential of the multipotent 5 progenitors,

as assessed by the CFC assay. This data canfir edutlp t MIRNAI26 suppresse LC ression
oy in HSPC O SO T R Ao ey e S s S Sncate
that GALC expressations pdpressed moiRdwly imidS<, It avso-¢rnprskipgtaértnscogenitanstaaspgnsible for
the formation ofl&& matopoietic colonies in CFC assay, 10 Mareover, transplaptatio i
CaLe miR20t R e S T S b e R LR vt o
treated animals:glitig=ddty demaquaitiied thatltive suppressivrnaf GlitdimctvitpiRNAsmatieigrimitive

e presence (TSR Lauach Ac SuTat T Bes Sloci e e R R R e
long-term HSGavers reftiédtinget GRbClmlemeny dssionlapoftasigeasing doses of transcripts
containing miRNA target sequences, we found that the threshold for interfering with
10 physiological miRNA regulation is generally high and can only be reached when
driving expression from strong, viral promoters. miRNA target sequences expressed
from a moderate promoter like the phosphoglycerate kinase (PGK) promoter did not
saturate miRNA activity, even at high vector copy number (up to 50 integrations).
This suggested that miRNA regulation could safely be exploited for HSC gene
15  therapy when expressing the miRNA regulated transcript from a moderate promoter
and from a limited number of integrations per cell. However, we found that lentiviral
vectors can be engineered for deliberately interfering with miRNA activity and thus

be used as a tool to characterize miRNA function.

When over-expressing miRNA target sequences from strong promoters, we
20  demonstrated that miRNA activity could be saturated, resulting in the loss of
regulation of natural targets for that miRNA 126. Furthermore, we found that
saturation could be favored by changing the design of our target sequences. For our
gene-regulated vectors, such as the one described in this thesis, we exploited perfectly
complementary miRNA binding sites which primarily result in degradation of the
25  mRNA transcript (see Fig. 2¢), similar to the mode of action of siRNA (Brown et al.,
2007). As this process is occurring with fast kinetics (Haley et al., 2004), the miRNA-
RISC complex actually works like an enzyme with high turnover rate, making it
inherently difficult to be saturated. On the other hand, when introducing a mismatch
between nucleotide 9 and 11 of the miRNA into the miRNA target sequence,
30 transcript degradation is impaired 57, redirecting the miRISC/mRNA complex to the



Importantly, the post-transcriptional regulation by HSC-specific miRNA, permitted the use of a strong
promoter, such as PGK, thereby reaching the sam&expression level of the transgene in the
differentiated HSPC progeny, as that obtained with"unregulated 20 PGK GALC.LV. As discussed
above, the level of GALC expression required for HSC gene therapy to be effective, is not known.
However, even if a low enzyme expression level might be sufficient to obtain a clinical benefit, the use
of a stronger promoter may allow the vector copy number(s) to be reduced, but reach the desired
enzymatic exprid8ibiiondis spseRsien]) |Haﬁé%{évﬁﬁhfmh@ BEBHIDT etrild tHHRAIHRYBHIHSC gene

therapy. CONGiMRIONR: TEEntiyRlRsial RRHRITOFERIRSINEEAKSTRAUCAALRIGHY ysgful tool t

study microRNA function. The bidirectional miRNA reporter vectors developed allow measuring

mIiRNA activitylagipadpiy ¢ ehowed| thacbrmsiéscE i gatxtisraticd damg dTe B MR CAMRFHEDS 0

conventional miigd Xﬁfﬁﬁﬁi@ﬂcﬁ'ﬂqwi@&ﬁ&ﬁr%a@&t%&ﬂlﬁl&ﬁﬁ%‘iﬂ% e [disartt thesgxpression
of several miRNAs in hematopoietic stem and progenitor cell ﬁHSPC popu%ations with unprecedented

resolution® ChaA§hg Brosiéat untsptirih YaristRissth teehrotagyiriermtialey Biesia i Mle of 5
accomplishinggiaple gk knpekawisusriyl fior GRRRIALIRGNO&RRhTuAelian: PlsRAl¥Pes as a basis

to elaborate the physiologic role of an miRNA. Proteomic analysis after stable mIRNA knockdown will
allow the identiRBERTSABIKR PGSR fsPiraeHARNAGRK: BeREmsmmEnMHEN ARV S¥tilG. Besides

addressing theggRasicIRIQIQEM e SHRNBAHRDYY rROUIRIRS Yasiors Ra¥ekdown of miR-223 .

Transplanting mice with BM cells transduced with a miR-223 knockdown vector to

10 high vector copy number resulted in an expansion of myeloid cells, suggesting that

miR-223 acts on granulocyte monocyte precursors as a negative regulator of

myelopoiesis. Furthermore, we found inflammatory lung pathology in mice which

were reconstituted with BM containing the miR-223 knockdown vector, suggesting

additional functions of miR-223 in the regulation of inflammatory myeloid cells

15  (Gentner et al., 2009). Strikingly, these mice phenocopied a recently described miR-

223 knockout mouse line (Johnnidis et al., 2008). Apart from genetic knockouts,

miRNA loss-of-function studies were limited up to now to transient transfection of

chemically modified miRNA antisense molecules called "antagomirs" (Krutzfeldt et

al., 2005). While effective, their use is limited to cells, which can easily be

20  transfected, which is not the case for most primary cells. Furthermore, the knockdown

is transient and thus not easily applicable to genetic model systems. We envision

broad applications for LV mediating stable miRNA knockdown. They will constitute
important tools to investigate the physiological role of miRNA.

Applications of microRNA-regulated vectors for hematopoietic stem cell gene

25  therapy

The pattern of reporter gene expression that we describe in this work has also relevant
implications for gene therapy. Most clinical gene therapy constructs contain
ubiquitously expressing promoters which guarantee robust expression of the transgene
in the target cell types, but also result in off-target expression. This ectopic expression

30 can result in toxicity, counterselection of gene-modified cells, triggering of an



10 significant therapeutic potential. Added to the 3'UTR of a therapeutic transgene, miRNA target
sequences can reduce ectopic transgene expressigg and thus alleviate or avoid transgene toxicity. In
particular, hematopoietic stem cell (HSC) biology must not be disturbed by the gene therapy treatment,
as HSC represent the guarantor for long-term disease correction by continuously supplying
gene-modified daughter cells. 15 The miRNAs characterized here, miR-126, miR-130a and miR-223
restrict unwanted transgene expression in HSPC, while allowing it in the differentiated progeny, and
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scope of the claims.
10 expression of a potentially toxic transgene in sensitive stem cell populations, while

maintaining expression and therapeutic efficacy in the diseased progeny.
Toxicity of GALC de novo expression

Enzyme replacement and gene therapy applications in LSD patients (Rohrbach et al.,
2007; Brady et al., 2004) and animal models (Biffi et al., 2006; Sano et al., 2005;
15 Hofling et al., 2004; Sands et al., 1997) have generally demonstrated the lack of
toxicity of lysosomal enzyme administration and expression above normal levels. In
the case of Metachromatic Leukodystrophy (MLD), the safety of LV-mediated over-
expression of ARSA, catalyzing the step upstream of GALC in sulfatide metabolism,
was demonstrated in mHSPC, hHSPC, and transgenic mice (Biffi et al., 2004;
20  Capontondo et al., 2007), prompting clinical testing of HSPC gene therapy for this
disease. Here, we report the unexpected finding of overt toxicity and in vitro and in
vivo functional impairment of murine and human HSPC after LV-mediated GALC
gene transfer and expression. GALC.LV transduced murine HSPC showed impaired
clonogenic potential and failed to engraft and long-term repopulate myeloablated
25  transplant recipients. This was associated to negative selection and and apoptosis of
highly transduced HSPC. The lack of apoptosis and functional impairment observed
in murine and human HSPC, transduced with a control vector in which GALC
expression is regulated by the microRNA (Mechtcheriakova et al; 2007) (exclusively

expressed in hematopoietic lineage cells) ((Brown et al., 2006), confirmed the unique
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control of cell survival, which is apparently lost during differentiation into mature
myeloid, T and B cells, and which is restricted to the hematopoietic lineage. A
10 possible explanation for this, might be the very low basal GALC activity detected in
HSPC, compared to other cell types, such as microglia or oligodendrocytes.
Moreover, the role of sphingolipid metabolism and the consequences of an alteration
in the content of Cer and derived molecules such as So and S1P, might vary according
to cell types and differentiation stages. For example, the effect of intracellular Cer
15  accumulation in oligodendrocytes was studied in depth, with conflicting findings. A
recent study reported that induction of acid sphingomyelinase, which is responsible
for Cer production from sphingomyelin degradation, resulted in Cer accumulation and
induction of apoptosis (Chudakova et al., 2008). The same pathway seems to be
involved in oligodendrocytic cell death induced by oxidative stress or by amyloid-
20  beta peptide accumulation in Alzheimer’s disease (Jana et al., 2007; Lee et al., 2004).
However, mature oligodendrocytes were also described as being resistant to some
pro-apoptotic stimuli, inducing Cer accumulation. Similarly, a differential response to
pro-apoptotic TNF-stimulation was observed in oligodendrocytic precursors, where a
high level of apoptosis was observed and in mature oligodendrocytes, which appeared
25 to be resistant to apoptotic stimulation (Scurlock et al., 1999). Mature
oligodendrocytes are also resistant to apoptosis induced by IL-1 administration (Brogi
et al., 1997) . This suggests that the increase of intracellular Cer could be managed in
different ways, according to the pathways activated in that particular cell type and at
that particular differentiation stage. Supporting this hypothesis, it has been reported

30  that the increase of intracellular Cer in neural tissue, is managed by the high activity
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oligodendrocytes, which are involved in myelination in order to produce the myelin
glycosphingolipids (GalCer and Sulfatide). Moreover, these molecules participate in
carbohydrate-carbohydrate interactions, forming glycosynapses (for a review see

10  (Boggs et al., 2008).

The reduced sensitivity to GALC de novo expression-induced apoptosis observed in
monocytes and macrophages might be explained both by the activity of ceramidase
and their secretory action. Reports show that in endothelial cells and cells of the
immune system, Cer is rapidly converted to So and S1P, which are secreted. In the

15 plasma, these molecules bind albumin and act as signals for specific receptors on
lymphocytes (for a review see 78 142 143Hannun et al., 2008; Mechtcheriakova et
al., 2007; Rivera et al., 2008).

Post-transcriptional regulation of GALC expression for safe and efficacious GLD

gene therapy

20  The regulation of transgene expression is of great interest in the field of gene therapy.
In particular, the possibility of post-transcriptional regulation by micro RNA
(miRNA), has recently open new perspectives for tuning the expression level of the
transgene, according to cell type and to differentiation (Gentner et al., 2008). In this
study, we applied this innovative technology in order to suppress GALC expression in

25  HSPC, which have been shown to be the most sensitive cells to GALC over-
expression toxicity, while allowing enzyme over-expression in differentiated cells,
which are responsible for GALC secretion and cross correction of oligodendrocytes.
In particular, we selected the microRNA126, which was reported to be more highly
expressed in HSPC, as compared to peripheral blood mononuclear cells 145. Our data

30 demonstrated that the regulation of GALC expression by the HSC-specific
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10 Moreover, transplantation of GALC.miR126T.LV-transduced HSPC into GALC +/-
FVB/twi mice, resulted in long-term survival of treated animals. This data
demonstrates that the suppression of GALC activity in the more primitive HSC by
miRNA126, allows their long-term repopulation and differentiation potential, to be
preserved. The presence of highly transduced cells in the BM ten weeks after HSCT,

15  further confirmed that long-term HSC were rescued from GALC over-expression

apoptosis.

Importantly, the post-transcriptional regulation by HSC-specific miRNA, permitted
the use of a strong promoter, such as PGK, thereby reaching the same expression level
of the transgene in the differentiated HSPC progeny, as that obtained with unregulated
20  PGK GALC.LV. As discussed above, the level of GALC expression required for
HSC gene therapy to be effective, is not known. However, even if a low enzyme
expression level might be sufficient to obtain a clinical benefit, the use of a stronger
promoter may allow the vector copy number(s) to be reduced, but reach the desired
enzymatic expression. This issue could be relevant for the safety of clinical translation

25  of HSC gene therapy.
CONCLUSIONS

The lentiviral vector platform represents a versatile and highly useful tool to study
microRNA function. The bidirectional miRNA reporter vectors developed allow

measuring miRNA activity at the single cell level in complex cell mixtures, adding a
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Besides addressing these basic biology questions, miRNA-regulated vectors have
10  significant therapeutic potential. Added to the 3'UTR of a therapeutic transgene,
miRNA target sequences can reduce ectopic transgene expression and thus alleviate
or avoid transgene toxicity. In particular, hematopoietic stem cell (HSC) biology must
not be disturbed by the gene therapy treatment, as HSC represent the guarantor for
long-term disease correction by continuously supplying gene-modified daughter cells.
15  The miRNAs characterized here, miR-126, miR-130a and miR-223 restrict unwanted
transgene expression in HSPC, while allowing it in the differentiated progeny, and

will be further developed into clinical gene therapy protocols.

Each of the applications and patents mentioned in this document, and each document
cited or referenced in each of the above applications and patents, including during the
20  prosecution of each of the applications and patents (“application cited documents™)
and any manufacturer’s instructions or catalogues for any products cited or mentioned
in each of the applications and patents and in any of the application cited documents,
are hereby incorporated herein by reference. Furthermore, all documents cited in this
text, and all documents cited or referenced in documents cited in this text, and any
25  manufacturer’s instructions or catalogues for any products cited or mentioned in this

text, are hereby incorporated herein by reference.

Various modifications and variations of the described methods and system of the
invention will be apparent to those skilled in the art without departing from the scope
and spirit of the invention. Although the invention has been described in connection

30  with specific preferred embodiments, it should be understood that the invention as
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3. A gene vector for use in gene therapy comprising at least one miRNA sequence target
corresponding to a miRNA selected from the groupﬁomprising mirl30a, mir-126, mir-223, 126/130aT
(2/2 combination) and 126T (2 targets) operably linked to a nucleotide sequence. 15 4.A gene vector
according to claim 3 comprising the miRNA sequence targets corresponding to mir-130a and mir-126.
5. A gene vector according to any preceding claim wherein the nucleotide sequence controls the
expression of the vector. 6. A gene vector according to claims 1-5 wherein the nucleotide sequence is

a 20transgeneH&raga gedolractdr Mediomidtd khy Wasketing Traiveamessin phespbgterindycsial vector.

8. A gene vectoraecordindali anymIrREeing cRinpwhsrairihe yesienidAetyableramalgntivirus. 80
10. A gene vector according to any preceding claim wherein the tissue specific promoter is selected
from the grou@@@ﬁﬁﬁi&iﬁé%@ﬂb, c-Fes and CYBB and TEK. 11. A gene vector according to any
preceding claim wherein the transgene codes for an enzyme. 512.A gene vector according to claim 11
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e tumour-suppression puzzle. Nat Rev Cancer. 2007; 7:819-822.
Hofling AA, Devine S, Vogler C, Sands MS. Human CD34" hematopoietic progenitor
cell-directed lentiviral-mediated gene therapy in a xenotransplantation model of

lysosomal storage disease. Mol Ther. 2004;9:856-865.

Huang Y, Tanimukai H, Liu F, Igbal K, Grundke-Igbal I, Gong CX. Elevation of the
10 level and activity of acid ceramidase in Alzheimer's disease brain. Eur J Neurosci.

2004;20:3489-3497.

Jana A, Pahan K. Oxidative stress kills human primary oligodendrocytes via neutral
sphingomyelinase: implications for multiple sclerosis. J Neuroimmune Pharmacol.

200 7;2:1 84-193.

15 Johnnidis JB, Harris MH, Wheeler RT, et al. Regulation of progenitor cell
proliferation and granulocyte function by microRNA -223. Nature. 2008;451:1 125-
1129.

Kennedy JA, Barabe F, Poeppl AG, Wang JC, Dick JE. Comment on "Tumor growth
need not be driven by rare cancer stem cells ". Science. 2007;318:1 722; author reply

20 1722.

Kiel MJ, Yilmaz OH, Iwashita T, Terhorst C, Morrison SJ. SLAM family receptors
distinguish hematopoietic stem and progenitor cells and reveal endothelial niches for

stem cells. Cell. 2005;1 21:1109-1121.

Kitsera N, Khobta A, Epe B. Destabilized green fluorescent protein detects rapid
25 removal of transcription blocks after genotoxic exposure. Biotechniques. 200

7;43:222-22 7.



13. A set of DNA constructs for producing a viral vector particle comprising a DNA construct encoding
a packagable viral vector genome comprising at Ie§ t one miRNA sequence target as defined in any
one of claims 1 to 5, and optionally a 10transgene. "14. A process for preparing a viral vector particle
comprising introducing the set of DNA constructs of claim 13 into a host cell, and obtaining the viral
vector particle. 15. A process according to claim 14 wherein the host cell comprises the corresponding

mIiRNA. 1516.A viral vector particle produced bﬁge process of claim 14 or 15. 17. A pharmaceutical
composition coHFEHY the[%é?ﬂésliéc%r BraietiRie A ctlordilsg B @ty onsToRMNman vigooris, 18. A

cell infected orgransangechiththe@sne yerorsey particle of any one of claims 1-12 or 16. 2019.A cell
according to claim 18 which is a hematopoietic stem cell or a hematopoietic progenitor cell.

20.Combinatiop of at least tyo different miRNAs sequence targets_corresponding to miRNAs selected
from the rougBHTn MIPISDA L ES AR5 95 A S0P 3 EBmBTET G SHAG 26T (2
targets). 81 Zhefabonisination Reeabda@éMetaim 20 wherein the miRNA sequence targets are for
simultaneous, separate or sequential use.
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22. Use of the vector of any one of claims 1-12, a particle of claim 16, a pharmaceutical composition
according to claim 17, a cell according to claims 187-619 5 or a combination according to claims 20-21
for the manufacture of a medicament for preventing or reducing expression of a transgene in a
hematopoietic stem cell or a hematopoietic progenitor cell. 23. Use of the gene vector of any one of
claims 1-12, a particle of claim 16, a pharmaceutical composition according to claim 17, a cell
according to claims 18-19 10 or a combination according to claims 20-21 for the manufacture of a

medicament foF ¥EHARQWisewasc e tharP G lopaRsced Deinesehudgriy e afdMDS]

GranulomatoussRisea5eR%Y &/ 6: SPMBIME N MEACsRTiiEnc) (SfeH2) and solid tumours. 24. Use of
the gene vector of any one of claims 1-12, a particle of claim 16, a 15 pharmaceutical composition

according to claim 17, a cell according to clajms 18-19 ar coni\Zina ion acc,org%% to claims 20-21 for
tho manutactl SN G SECa e B SHEE Ung 5 Eh A e oL AT o LA JEGTIERD e cel
or a hematopogeiitenitogeaiitdsetbis Misice by genetheippyCuzbGese THdhe @Eng Nastarof any one of
claims 1-12, a particle of claim 16, a 20 pharmaceutical composition according to claim 17, a cell

accordingo claifis &%i%@ﬁ%r&f\f’@ﬁ{ﬁ&“"r‘; %&‘@ iing, L clRImS 20-2110) TR RARIYACTE L] 2
medicament for increasing the safety and/or e |cgcy of gene therapy. 58.'Use of the gene Vector of
any one of claimk7$3127@l particle of claim 16, a pharmaceutical composition according to claim 17, a

cell according to claims 18-19 25 or a combination according to claims 20-21 for the manufacture of a

medicament Qs BRVENtRG P PRIl oA '?&@@&P%@éi‘&aﬁ@ﬂ‘o‘ﬁﬂ@gﬁ%% ongirticAPgsaitor cell,
s
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28. Use according to any one of claims 22-27 wherein the medicament is for hematopoietic cell
therapy. 29. A gene vector of any one of claims 1-1.2, a particle of claim 16, a pharmaceutical
composition according to claim 17, a cell according to claims 18-19 10or a combination according to
claims 20-21 for preventing or reducing expression of a transgene in a hematopoietic stem cell or a
hematopoietic progenitor cell. 30. A gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition accordin%ato claim 17, a cell according to claims 18-19 or a combination

according to cl&fimsthaapeyds fEegts @ acaresns scplreere i I7BIsHSRICEMeHURaySddphy,
Chronic GranulgmatoisRiseass SeMESR. FempiRedsmmunaseiisigney,¢SCID) and solid tumours. 31.

A gene vector of any one of claims 1-12, a particle of claim 16, a pharmaceutical composition

according to claim 17, a cell accoyding to claims 18-19 or a cgmbination according to claims 20-21 for
increasing the tHEhdbs BTSURR A of B0 ODATEAR: QeI HEHEBIEH B lor col i
relation to gengeiigianly: Badi@ebeneaianolatylloneteitetansSlot AsRIpariickt ¥idiinfea
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hematopoietic stem cell or a hematopoietic progenitor cell, whereby the apoptosis is caused by
expression of the transgene. 34. A gene vector of_?gny one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19 50r a combination
according to claims 20-21 for monitoring a stage of differentiation of a hematopoietic stem cell or a
hematopoietic progenitor cell. 35. A gene vector according to any one of claims 29-34 for use in
hematopoietic stem therapy. 36. Use of a miRNA sequence target corresponding to a miRNA selected
from the 109rdﬁ?ﬂe?%?éig@&6rﬁﬁ~126, mir-223, 126/130aT (2/2 combination) and 126T (2 targets)for
the manufacture of a medicament for use in gene therapy. 37. The miRNA sequence target
correspondingYezz¢niRMABRIesie S fromrihe graupsef mivw] 3Qasonith2 P asnenpit 248/ feslugalin gene
therapy. 38. Methog, of determining the differentiation stage of a hematopaqietic stem cell 15 or a
hematopoietic |58y H}?épge‘i#n‘?o]f‘ﬁ ?rl?ﬁlﬁgfe‘f‘f‘ﬁ’f‘i ﬁ{ﬁﬁsﬂ‘fﬁn al18n P U rELISBRT SPAURTRINK A the cell,
wherein the miRBAXXFeEsRon0isto a miRNA target sequence operably linked to a nucleotides
sequences, wherein the miRNA prevents or reduces expression of the nucleotide sequence in a
hematopoijetic progenitqr. cegll.(H or a hematgpojetic-stem, cell (HSC). but not in a differentiated
coll. 2050 e ST dekbr i S O R DR he R e AT Bt
hematopoietic iprogenwitrheelincosnpibinefdete ohimicteptiselimveloofl e xpregsivithod rat édadesevo different
miRNA.s in theb%gﬂﬁ\amelreggstq% E]ah%%g?ﬁ f§8§%‘30§’9¥9 mMIiRNA target sequences operaply linked to
nucleotide sequences, wher i the mi S prevent or reduce expression of the nucleotide sequences

in a hematopoietic 25progenitor cell (HSPC) or a hematopoietic stem cell (HSC) but not in a
differentiated Yesilipek MA. Stem cell transplantation m hemoglobinopathies. Hemoglobin.

2007;31:251-256.
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cell and comparing the expression level of the different miRNAs. 84 40. Method of determining the
differentiation stage of a hematopoietic stem cell ora hematopoietic progenitor cell, comprising
determining the expression level of a transgene in said hematopoietic stem cell or said hematopoietic
progenitor cell, wherein the transgene is operably linked to a miRNA sequence target, whereby the 5
corresponding miRNA prevents or reduces expression of the transgene in a hematopoietic progenitor
cell (HSPC) or a hematopoietic stem cell (HSC) but not in a differentiated cell. 41. Method according
to claims 38-4@whevein the miRNA is selected from the group comprising mir-130a, mir-126, mir-223,
126/130aT (2/2 combination) and 10126T (2 targets). P037109WO0 Sequence listing SEQUENCE
LISTING <110> Fondazione Centro San Raffaele Del Monte Tabor Fondazione Telethon <120> Gene
Vector <130> P037109W0 <140> PCT/132010/001166 <141> 2010-04-30 <150> US 61/174124
<151> 2009-04}?30 A gene vector for use in gene therapy comprising at least one miRNA
sequence target operably linked to a nucleotide sequence having a corresponding
5 miRNA in a hematopoietic progenitor cell (HSPC) which prevents or reduces

expression of the nucleotide sequence in a HSPC but not in a differentiated cell.

2. A gene vector for use in gene therapy comprising at least one miRNA
sequence target operably linked to a nucleotide sequence having a corresponding
miRNA in a hematopoietic stem cell (HSC) which prevents or reduces expression of

10 the nucleotide sequence in a HSC but not in a differentiated cell.

3. A gene vector for use in gene therapy comprising at least one miRNA
sequence target corresponding to a miRNA selected from the group comprising mir-
130a, mir-126, mir-223, 126/130aT (2/2 combination) and 126T (2 targets) operably

linked to a nucleotide sequence.

15 4. A gene vector according to claim 3 comprising the miRNA sequence targets

corresponding to mir-130a and mir-126.

5. A gene vector according to any preceding claim wherein the nucleotide

sequence controls the expression of the vector.

6. A gene vector according to claims 1-5 wherein the nucleotide sequence is a

20  transgene.

7. A gene vector according to any preceding claim wherein the vector is a viral
vector.
8. A gene vector according to any preceding claim wherein the vector is

derivable from a lentivirus.

25 0. A gene vector according to any preceding claim wherein the vector comprises

a tissue specific promoter.



<160> 10 <170> PatentIn version 3.5 <210> 1 <211> 22 <212> RNA <213> Atrtificial Sequence <220>
<223> miRNA sequence target <400> 1 ucguaccggg aguaauaaug cg22 <210> 2 <211> 98 <212>
DNA <213> Atrtificial Sequence

10. A gene vector according to any preceding claim wherein the tissue specific

promoter is selected from the group comprising CD11b, c-Fes and CYBB and TEK.

11. A gene vector according to any preceding claim wherein the transgene codes

for an enzyme.

5 12. A gene vector according to claim 11 wherein the enzyme is selected from the

group lysosomal enzyme galactocerebrosidase, gp91 phox and interferon-alpha.

13. A set of DNA constructs for producing a viral vector particle comprising a
DNA construct encoding a packagable viral vector genome comprising at least one
miRNA sequence target as defined in any one of claims 1 to 5, and optionally a

10 transgene.

14. A process for preparing a viral vector particle comprising introducing the set

of DNA constructs of claim 13 into a host cell, and obtaining the viral vector particle.

15. A process according to claim 14 wherein the host cell comprises the

corresponding miRNA.
15 16. A viral vector particle produced by the process of claim 14 or 15.

17. A pharmaceutical composition comprising the gene vector or particle

according to any one of claims 1-12 or 16.

18. A cell infected or transduced with the gene vector or particle of any one of

claims 1-12 or 16.

20  19. A cell according to claim 18 which is a hematopoietic stem cell or a

hematopoietic progenitor cell.

20. Combination of at least two different miRNAs sequence targets corresponding
to miRNAs selected from the group comprising mir-130a, mir-126, mir-223

and126/130aT (2/2 combination) and 126T (2 targets).



<220> <223> miR-126T sequence complementary to the miRNA <400> 2 gcattattac tcacggtacg
acgatgcatt attactcacg gtacgaacgc gtgcattatt60 actcacggta cgatcacgca ttattactca cggtacga98 <210> 3
<211> 22 <212> RNA <213> Atrtificial Sequence <350> <223> miRNA sequence target <400> 3
cagugcaaug uuaaaagggc au22 <210> 4

21. Combination according to claim 20 wherein the miRNA sequence targets are

for simultaneous, separate or sequential use.

22. Use of the vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19
5  or a combination according to claims 20-21 for the manufacture of a medicament for
preventing or reducing expression of a transgene in a hematopoietic stem cell or a

hematopoietic progenitor cell.

23.  Use of the gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19
10 or a combination according to claims 20-21 for the manufacture of a medicament for
treating a disease selected from Globoid Cell Leukodystrophy, Chronic
Granulomatous Disease Severe Combined Immunodeficiency (SCID) and solid

tumours.

24.  Use of the gene vector of any one of claims 1-12, a particle of claim 16, a
15  pharmaceutical composition according to claim 17, a cell according to claims 18-19
or a combination according to claims 20-21 for the manufacture of a medicament for
increasing the chances of survival of a hematopoietic stem cell or a hematopoietic

progenitor cell in relation to gene therapy.

25. Use of the gene vector of any one of claims 1-12, a particle of claim 16, a
20  pharmaceutical composition according to claim 17, a cell according to claims 18-19
or a combination according to claims 20-21 for the manufacture of a medicament for

increasing the safety and/or efficacy of gene therapy.

26. Use of the gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19
25  or a combination according to claims 20-21 for the manufacture of a medicament for
preventing apoptosis of a hematopoietic stem cell or a hematopoietic progenitor cell,

whereby the apoptosis is caused by expression of the transgene.



<211> 106 <212> DNA <213> Artificial Sequence <220> <223> miR-130aT sequence complementary
to the miRNA Page 1 9037109WO0 Sequence Iistin%<400> 4 atgccctttt aacattgcac tgttcgaaat
gcccttttaa cattgcactg acgcgtatgc60 ccttttaaca ttgcactgat gcatatgcecc ttttaacatt gcactgl06 <210> 5
<211> 22 <212> RNA

27.  Use of the gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19
or a combination according to claims 20-21 for the manufacture of a medicament for
monitoring a stage of differentiation of a hematopoietic stem cell or a hematopoietic

5  progenitor cell.

28.  Use according to any one of claims 22-27 wherein the medicament is for

hematopoietic cell therapy.

29. A gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19
10 or a combination according to claims 20-21 for preventing or reducing expression of a

transgene in a hematopoietic stem cell or a hematopoietic progenitor cell.

30. A gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19
or a combination according to claims 20-21 for treating a disease selected from
15 Globoid Cell Leukodystrophy, Chronic Granulomatous Disease Severe Combined

Immunodeficiency (SCID) and solid tumours.

31. A gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19
or a combination according to claims 20-21 for increasing the chances of survival of a

20  hematopoietic stem cell or a hematopoietic progenitor cell in relation to gene therapy.

32. A gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19
or a combination according to claims 20-21 for increasing the safety and/or efficacy

of gene therapy.

25 33. A gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19

or a combination according to claims 20-21 for preventing apoptosis of a



<213> Artificial Sequence <220> <223> miRNA sequence target <400> 5 ugucaguuug ucaaauaccc
ca22 <210> 6 <211> 98 <212> DNA <213> Artificig& Sequence <220> <223> miR-223T sequence
complementary to the miRNA <400> 6 ggggtatttg aCaaactgac acgatggggt atttgacaaa ctgacaaccg
gtggggtatt60 tgacaaactg acatcacggg gtatttgaca aactgaca98

hematopoietic stem cell or a hematopoietic progenitor cell, whereby the apoptosis is

caused by expression of the transgene.

34, A gene vector of any one of claims 1-12, a particle of claim 16, a
pharmaceutical composition according to claim 17, a cell according to claims 18-19
5  or a combination according to claims 20-21 for monitoring a stage of differentiation

of a hematopoietic stem cell or a hematopoietic progenitor cell.

35. A gene vector according to any one of claims 29-34 for use in hematopoietic

stem therapy.

36.  Use of a miRNA sequence target corresponding to a miRNA selected from the
10 group of mir-130a, mir-126, mir-223, 126/130aT (2/2 combination) and 126T (2

targets)for the manufacture of a medicament for use in gene therapy.

37. The miRNA sequence target corresponding to a miRNA selected from the

group of mir-130a, mir-126 and mir-223 for use in gene therapy.

38.  Method of determining the differentiation stage of a hematopoietic stem cell
15  or a hematopoietic progenitor cell, comprising determining the level of expression of
a miRNA in the cell, wherein the miRNA corresponds to a miRNA target sequence
operably linked to a nucleotides sequences, wherein the miRNA prevents or reduces
expression of the nucleotide sequence in a hematopoietic progenitor cell (HSPC) or a

hematopoietic stem cell (HSC) but not in a differentiated cell.

20  39. Method of determining the differentiation stage of a hematopoietic stem cell
or a hematopoietic progenitor cell, comprising determining the level of expression of
at least two different miRNAs in the cell, wherein the miRNAs correspond to miRNA
target sequences operably linked to nucleotide sequences, wherein the miRNAs
prevent or reduce expression of the nucleotide sequences in a hematopoietic

25  progenitor cell (HSPC) or a hematopoietic stem cell (HSC) but not in a differentiated

cell and comparing the expression level of the different miRNAs.



<210> 7 <211> 102 <212> DNA <213> Atrtificial Sequence <220> <223> 126T/130aT 2/2 combination
sequence <400> 7 gcattattac tcacggtacg acgatgca%t attactcacg gtacgaacgc gtatgccctt60 ttaacattgc
actgatgcat atgccctttt aacattgcac tg102 <210> 8 <2 1> 46 <212> DNA <213> Artificial Sequence
<220><223> 126T (2 targets) <400> 8

40.  Method of determining the differentiation stage of a hematopoietic stem cell
or a hematopoietic progenitor cell, comprising determining the expression level of a
transgene in said hematopoietic stem cell or said hematopoietic progenitor cell,
wherein the transgene is operably linked to a miRNA sequence target, whereby the
5 corresponding miRNA prevents or reduces expression of the transgene in a
hematopoietic progenitor cell (HSPC) or a hematopoietic stem cell (HSC) but not in a

differentiated cell.

41.  Method according to claims 38-40 wherein the miRNA is selected from the
group comprising mir-130a, mir-126, mir-223, 126/130aT (2/2 combination) and
10 126T (2 targets).



gcattattac tcacggtacg acgatgcatt attactcacg gtacgad6 <210> 9 <211> 155 <212> DNA <213> Atrtificial
Sequence P037109WO0 Sequence listing <220> <223> Triple combination target (126T/130aT/223T, 2
targets each) <400> 9 gcattattac tcacggtacg acgatgcatt attactcacg gtacgaacgc gtatgccctt60 ttaacattgc
actgatgcat atgccctttt aacattgcac tgccceggtg gggtatttgal20 caaactgaca tcacggggta tttgacaaac tgacalss

<210> 10 P037109W0 Sequence listing
SEQUENCE LISTING

<110> Fondazione Centro San Raffaele Del Monte Tabor
Fondazione Telethon

<120> Gene Vector
<130> PO37109WO

<140> PCT/IB2010/001166
<141> 2010-04-30

<150> US 61/174124
<151> 2009-04-30

<160> 10
<170> PatentIn version 3.5

<210> 1

<211> 22

<212> RNA

<213> Artificial Sequence

<220>
<223> miRNA sequence target

<400> 1
ucguaccgug aguaauvaaug cg 22

<210> 2

<211> 98

<212> DNA

<213> Artificial Sequence

<220>
<223> miR-126T sequence complementary to the miRNA

<400> 2
gcattattac tcacggtacg acgatgcatt attactcacg gtacgaacgc gtgcattatt 60

actcacggta cgatcacgca ttattactca cggtacga ~ 98

<210> 3

<211> 22

<212> RNA

<213> Artificial Sequence

<220>
<223> miRNA sequence target

<400> 3
cagugcaaug uuaaaagggc au 22

<210> 4

<211> 106

<212> DNA

<213> Artificial Sequence

<220>
<223> miR-130aT sequence complementary to the miRNA
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<211> 4 <212> PAT <213> Atrtificial Sequence <220> <223> Sequence motif <400> 10 Pro Glu Ser

Thr1
P037109WO Seguence listing
<400> 4
atgccctttt aacattgcac tgttcgaaat gcccttttaa cattgcactg acgcgtatge 60
ccttttaaca ttgcactgat gcatatgccc ttttaacatt gcactg 106
<210> 5
<211> 22
<212> RNA
<213> Artificial Sequence
<220>
<223> miRNA sequence target
<400> 5
ugucaguuug ucaaauaccc ca 22
<210> 6
<211> 98
<212> DNA
<213> Artificial Sequence
<220>
<223> miR-223T sequence complementary to the miRNA
<400> 6
ggggtatttg acaaactgac acgatggggt atttgacaaa ctgacaaccg gtggggtatt 60
tgacaaactg acatcacggg gtatttgaca aactgaca 98
<210> 7
<211> 102
<212> DNA
<213> Artificial Sequence
<220>
<223> 126T/130aT 2/2 combination sequence
<400> 7
gcattattac tcacggtacg acgatgcatt attactcacg gtacgaacgc gtatgcccectt 60
ttaacattgc actgatgcat atgccctttt aacattgcac tg ‘ 102
<210> 8
<211> 46
<212> DNA
<213> Artificial Sequence
<220>
<223> 126T (2 targets)
<400> 8
gcattattac tcacggtacg acgatgcatt attactcacg gtacga 46
<210> 9
<211> 155
<212> DNA
<213> Artificial Sequence
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<220>

<223> Triple combination target (126T/130aT/223T, 2 targets each)

<400> 9

gcattattac tcacggtacg acgatgcatt attactcacg gtacgaacgc gtatgccctt 60
ttaacattgc actgatgcat atgccctttt aacattgcac tgcceceggtg gggtatttga 120
caaactgaca tcacggggta tttgacaaac tgaca 155
<210> 10

<211> 4

<212> PRT

<213> Artificial Seqguence

<220>
<223> Sequence motif

<400> 10

Pro Glu Ser Thr
1
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