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Background of the Invention

This application relates to a vector comprising a mammalian, and
particularly a human globin gene and to the use thereof in treatment of
hemoglobinopathies, including «- and B-thalessemia and sickle-cell disease.

Current treatment modalities for f-thalassemias consist of either red blood
cell transfusion plus iron chelation (which extends survival but is cumbersome,
expensive and an imperfect therapy), or allogeneic bone marrow transplant (which
carries a lethal risk and is not available to the majority of patients). Thus, there is a
substantial need for improved therapeutic approaches. The present invention provides a
genetic correction in autologous hematopoietic stem cells, thus using gene therapy to
provide a less-risky and more effective long-term treatment.

While gene therapy has been proposed for many years, a significant
challenge facing efforts to develop gene therapy vectors is the ability to produce
therapeutically useful levels of a desired protein or peptide. The present invention
provides a vector which is capable of providing therapeutically meaningful levels of
human globin for sustained periods of time. This ability arises from the ability to
transmit large genomic regulatory sequences that control expression of the therapeutic

gene.



-2- Summary of the Invention In accordance with the invention, a
reconbi nant lentiviral vector is provided conprising: (a) a region

conpri si nggosfeenssi onal gl obin gene; and (b) | arge porti ongfisobhAesR- gl obi n
| ocus control regions which include |arge portions of DNase |
hypersensitive sites HS2, HS3 and HS4. The regions mnay be the conplete
site or sone |esser site which provi des-the same functionality as the
speci fic sequences set forth below. This vector provides expression of
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accor danceowlipiitestdw@gionwandding a ditiydrofdlakredtdsbe genomi ¢ structure of
reconbi nant onco-retroviral vector, wthin the scope of the invention. Fig.
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whi ch confgidkiscdtiniivede. hiFgheyangilé, HehRBdpo@Eb rogenitor or stem cells may be
transformed ex vivo and then restored to the patient. Selection processes may be used to
increase the percentage of transformed cells in the returned population. For example, a
selection marker which makes transformed cells more drug resistant than un-transformed
cells allows selection by treatment of the cells with the corresponding drug. Selection
and/or enrichment may also be carried out in vivo, for example using methotrexate or

similar antifolates to select for cells rendered resistant by the expression from the vector

of a dihydrofolate reductase (DHFR).

Brief Description of the Drawings

Fig. 1 shows the genomic structure of a recombinant onco-retroviral
vector in accordance with the invention.

Fig. 2 shows the genomic structure of recombinant onco-retroviral vector
within the scope of the invention.

Fig. 3 shows experimental results demonstrating increased mean B-globin
expression in transduced MEL cells.

Fig. 4 shows the average vector copy number in peripheral blood cells,
measured periodically for 24 weeks, which confirms showed highly efficient gene

transfer in cells transduced with the vector of the invention.



transfer in cells transduced with the vector of the invention. WO 03/002155
PCT/ US02/ 20988 -3 Figs. 5A and B show human (3-gl obi n expression per
endogenowso abbeiss 12 days and 22 weeks after introducti orCDUSEEI0bSS
transduced with the vector of the invention. Fig. 6 shows haematocrit

| evel , red blood cell count, reticulocyte count and haenogl obin | evel
fifteen weeks after transplantation w3h unsel ected TNS9- transduced

Hbbt h3i + bone marrow. Detail ed Description of the Invention In a first
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human i nt éranseiqed AIbbar cbmmqmvau on. The term "functional gl obin gene"
refers to a nucl eotide sequence the expression of which leads to a globin
that does not produce a henogl obi nopathy phenotype, and which is effective
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gl obin, pr.efer atg y.one mwhi ch provides for superior properties, for exanple
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doner s/ acceptors. Sui tabl(g},S rﬁieﬂeélﬁ%bclgrf@%ﬁﬁg naybg%csgégﬁgggéﬂ% P- gl obi n,
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genes. The t vectors of n also include | arge portions
of the Id’&ﬂggecﬁﬁa? 1YPERSFIEHI Séﬁf&'%l% ]léllr%] ‘iﬁﬁée DNase | hypersensitive

sites HS2, HS3 and Asuysed in the specification and claims hereof, the term “recombinant

lentiviral vector” refers to an artificially created polynucleotide vector assembled from a
lentiviral-vector and a plurality of additional segments as a result of human intervention
and manipulation.

The term “functional globin gene” refers to a nucleotide sequence the
expression of which leads to a globin that does not produce a hemoglobinopathy
phenotype, and which is effective to provide therapeutic benefits to an individual with a
defective globin gene. The functional globin gene may encode a wild-type globin
appropriate for a mammalian individual to be treated, or it may be a mutant form of
globin, preferably one which provides for superior properties, for example superior
oxygen transport properties. The functional globin gene includes both exons and
introns, as well as globin promoters and splice doners/acceptors. Suitably, the globin
gene may encode a-globin, 3-globin, or y-globin. B-globin promoters may be sued with
each of the globin genes.

The recombinant vectors of the invention also include large portions of
the locus control region (LCR) which include DNase I hypersensitive sites HS2, HS3 and
HS4. In prior studies, smaller nucleotide fragments spanning the core portions of HS2,
HS3 and HS4 have been utilized. Sadelain et al. Proc. Nat’l Acad. Sci. (US4)92: 6728-
6732 (1995); Lebouich et al., EMBO J. 13: 3065-3076 (1994). The term “large portions”



HS4. In prior studies, smaller nucleotide fragnents spanning the core
portions of HS2, HS3 and HS4 have been utilized. Sadelain et al. Proc.
Nat ' | Acawo idmo215§ USA) 92: 6728- 6732 (1995); Lebouich et acyudehbBéisd. 13:
3065-3076 (1994). The term "large portions” WO 03/002155 PCT/ US02/ 20988 -4
refers to portions of the | ocus control region which enconpass |arger
portions of the hypersensitive sites-&s opposed to previously tested
fragnents including only the core elenents. The regions may be the

conpl et e stef@s 0 p&EtioEs 6BBS Biustdntrodgidh Whick iefesnpdielargeapBrifounct thenal ity as
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sequence and a 3'-enhancer el enent. tionally, a portion of 3' U3 region
of the | enbdtweeraHShavk BiSrde Vekile s infehdingtb Heopounid iy aepn spedifrahedhpnisimitis g. 1,

th d i .of the.h R- gl obi . €., ted by filled
and_open. boseed HERR iRemelfiot i aresR artnsh o SRt rpuncing s ARG ey
splice accgmpictkelkeadDs thedekagi Nng region (iii), rev-response el enent (RRE),

human J3- gl obin pronoter (P) and 3'-P-globin enhancer (E). Thus, in the
vector TNS9, a funct Thaginomi@stgicobe of gememnbaediineht dfiiled vates: dfdieninvérgioaxons

and i ntron t.h ene _an el evant control_ sequences fram the human
P- gl obi n I@Bﬁ{?) lsl'ﬁl?g‘@l laﬁgg-goTﬁlﬁﬁ?ﬁﬁéﬁcwwtﬁsmagrﬁg@ogmﬁ%gﬁ%ﬁ% p8§1t19%é6el|800us
control regi-ong4)ine: i%cl%d&%n%nﬁ%%ﬁf%c&%ﬁeﬁﬁ&cgIWQ?@é?lﬂgﬁ&lr §lem%{1han 840 bp

HS2 fragment (SnaBl-BstXl), a 13 ragment (Hndlll-BainHl) and a
1069 bp HApficradiyenportiBaphHIUBagidn. of ltine lanfivirdl beckbaspent beodeldtbdfdrnvent i on,

(e, (30| o, gene Gocng. Spqperce cat RS, S HIANgEd s Rl agad i i
represented by filled and open boxes, The locations are indicated for the splice donor
(SD), splice acceptor (SA), packaging region (), rev-response element (RRE), human B-
globin promoter (P) and 3'-B-globin enhancer (E). Thus, in the vector TNS9, a functional
B-globin gene, which includes both the exons and introns of the gene and the relevant
control sequences from the human f3-globin locus. These are combined with the large
fragments of the locus control region. The 3.2 kb LCR assembled into dTNS9 consists
of an 840 bp HS2 fragment (SnaBI-BstXI), a 1308 bp HS3 fragment (HindI-BamHI)
and a 1069 bp HS4 fragment (BamHI-Banll).

In a further aspect of the invention, the -globin gene coding sequence can
be exchanged and replaced with either the gamma globin gene (for sickle cell disease) or
the alpha globin gene (for alpha-thalassemias). In one strategy, a Ncol-Pst I fragment of
the 3-globin gene is replaced with the corresponding Ncol-HindIII fragment of the
gamma globin gene or the Ncol-Pstl fragment of the human alpha globin gene. These
fragments start at the translational start of each globin gene (spanning the Ncol site) and
end past their respective polyadenylation signals. In the second strategy, chimeric genes

can be generated by only swapping the coding sequence of each one of the three exons of



t he al pha gl obin gene (for al pha-thal assem as). In one strategy, a Ncol-Pst
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should termination of therapy become necessary.

. . )
I nvention Irnclu urran

In a further specific embodiment, the vector of the invention includes the
mouse PGK promotor and human dihydrofolate reductase (DHFR) cDNA as a
transcriptional unit. Mutant forms of DHFR which increase the capacity of the DHFR to
confer resistance to drugs such as methotrexate are suitably used. For example, single
and double mutants of DHFR with mutations at amino acids 22 and 31 as described in
commonly assigned PCT Publication No. WO 97/33988, which is incorporated herein
by reference, may be advantageously utilized.

Fig. 2 shows the genomic structure of specific vector within the scope of
the invention. The vector includes a deleted LTR, from -456 to -9 of HIV LTR and the
PGK promoter (530 bp) from the murine phosphoglycerate kinase 1 gene. It also
includes a DHFR-encoding region encoding human DHFR with s/f mutation at amino
acid 22. The locus control region and the B-globin region are the same as in TSN9. This
vector is designated dTNS9-PD. This incorporation of DHFR into this vector provides
transformed cells with a methotrexate-resistant phenotype. As a result, methotrexate,

and other antifolates can be used, both in vitro and in vivo as a selection to tool to
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transformed cells more drug resistant than un-transformed cells allows selection by

treatment of the cells with the corresponding drug. When DHFR is used as a selection
marker, it can be used for enrichment of transduced cells in vitro, or for in vivo selection
to maintain the effectiveness of the vector.

The invention will now be further described with reference to the

following non-limiting examples.

Example 1

To produce vector TNS9, the human [3-globin gene was subcloned from
MPB6L (Sadelain et al. Proc. Nat’l Acad. Sci. (USA)92: 6728-6732 (1995)) into lentiviral
vector pHR’LacZ (Zuffery et al., Nature 15: 871-875 (1997)) replacing the CMV-LacZ
sequence. pHR’eGFP was constructed by replacing LacZ with the eGFP sequence
(Clontech). Viral stocks were generated by triple transfection of the recombinant vectors
pCMVARS.9 (Zuffrey et al.) and pMD.G in 293T cells as previously described in Dull, et
al., J. Virol. 72: 8463-8471 (1998). The pseudotyped virions were concentrated by
ultracentrifugationm resuspended and titrated as described in Gallardo et al., Blood 90:



The invention will now be further described with reference to the
followng non-limting exanples. Exanple 1 To produce vector TNS9, the
human ( 3-gloolioo2Bene was subcl oned from MP6L (Sadel ai n etpcglusoRpess Nat ' |
Acad. Sci. (USA)92: 6728-6732 (1995)) into lentiviral vector pHR LacZ
(Zuffery et al., Nature 15: 871-875 (1997)) replacing the CW-LacZ
sequence. pHR eGFP was constructed by replacing LacZ with the eGFP
sequence (Clontech). Viral stocks were generated by triple transfection of
t he recon®i5SA&37 (VXN oFsr cupAviaRe, RSN Zwhs nsed vdtictahas)a similapsiic@ré, exo@8T cel | s
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di gested once 1 h eac ong term ha results in a singfe band
corresponding to the expected size for the vector, indicating that the

proviral structure is not rearranged. Exanple 2 To investigate the tissue
speci fi ci thXamplede specificity and expression |evel of the vector-encoded

human B- gl obin . P [ I nphoi d
Jurkat cells ar}%ﬁ%@hﬁ@g&l&{ﬁ%ﬂ%@%&@?&%@? %-(!;}lle%ll\tfslL %(fe up(sal(raﬁzlfltvgln?ft\i}\%s used
to i nfectvei3BeModed Bhman Baglbbia gehesenemsdiced RN £ETNS9 tntoWMHL) cells,

Transduced MEL cells were subcloned by limting dilution, and screened by

PCR for t dunplpié fukaBellysndgyeloid Hbrad celat Callrdieg Virahsupreatanhapas ¢s8d & obi n

pronoter se PSq1. 5" - CTAA GA ACCITG 3. I nHS2 (C2A,
B Ao R A M e e et T OB S Pe gy TemiiedMin ikor at on
site anal y&dre siiRfoned B ¢iniiting dilitionSent fedehe®bPPCRNRE YehslActidi Gigtuced MEL
cells were induced to nmaturation by 5-day culture in 5 mM NN -

hexanet hy [paerhihgbawealnn dee umeyd-globin promoter sequence (BPS, 5' -
GTCTAAGTGATGACAGCCGTACCTG-3') and in HS2 (C2A, 5'- TCAGCCTAGAGT

GATGACTCC TATCTG-3"). Vector copy number and integration site analysis was
determined by Southern blot analysis®. Transduced MEL cells were induced to
maturation by 5-day culture in 5 mM N,N’- hexamethylene bisacetamide (HMBA,
Sigma).

To induce B-globin transcription, transduced MEL cell pools were differentiated
using hexamethylene bisacetamide HMBA). Human B-globin ($*) and mouse p-globin
transcripts were measured by quantitative primer extension. After normalization to
vector copy number and to endogenous (-globin expression per allele, human p-globin
levels were 14.2 + 4.7% for RNS1 and 71.3 + 2.3% for TNS9 in pooled MEL cells (Fig.
2a). MEL, Jurkat and HL-60 cells were transduced with RNS1, TNS9 or control GFP
recombinant lentivirus. Human B-globin RNA expression in HMBA induced MEL cells
(grey bars) was measured by quantitative primer extension and normalized to mouse f3-
globin RNA expression per locus. Expression was then normalized to the vector copy
number determined by Southern blot. No human B-globin RNA expression was detected
in non-induced MEL (black bars), Jurkat (white bars) or HL-60 cells (hatched bars),

indicating that globin expression was erythroid- and differentiation-specific. No human



Sigma). To induce P-globin transcription, transduced MEL cell pools were
differentiated using hexanet hyl ene bisacetam de HVBA). Human (3-gl obin

(pA) and weussolisgl obin transcripts were neasured by quamdri@dore@spri mer
extension. After normalization to vector copy nunber and to endogenous

P- gl obi n expression per allele, human P-globin levels were 14.2 4. 7% for
RNS 1 and 71.3 2.3%for TNS9 in poole8-MEL cells (Fig. 2a). MEL, Jurkat
and HL-60 cells were transduced with RNS 1, TNS9 or control GFP
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Example 3
Quantification of human B-globin mRNA

Total RNA was extracted from MEL, Jurkat and HL-60 cells, or mouse spleen
and blood using TRIzol. Quantitative primer extension assays were done using the
Primer Extension System-AMYV Reverse Transcriptase kit (Promega) with [*P] dATP
end-labelled primers specific for retroviral-derived human B-globin (5' -
CAGTAACGGCAGACTTCTCCTC -3") and mouse B-globin (5' -
TGATGTCTGTTTCTGGGGTT GTG ;3'), with predicted extension products of 90 bp
and 53 bp, respectively. The probes yield products of identical length for ™, p™=, @°
and p'. Primers were annealed to 4jug of RNA and reactions were run according to
manufacturer’s protocols. Radioactive bands were quantitated by phosphorimager
analysis (BioRad). RNA isolated from A85.68 mice® was used as positive control.
After correction for primer labelling, the human to mouse RNA signal was 29 + 1% per

gene copy in repeated experiments (n > 8), in agreement with previous findings based on



integration sites was increased with the TNS9 vector. Exanple 3
Quantification of human (3-gl obin nRNA Total RNA was extracted from MEL,
Jur kat angigHlsrofissel | s, or nouse spleen and bl ood using Whz®o2/20988
Quantitative priner extension assays were done using the Prinmer Extension
System AW Reverse Transcriptase kit (Pronmega) with [32P] dATP

end-| abel l ed priners specific for rett®viral -derived hunman (3-globin (5 -
CAGTAACGCCAGACTTCTCCTC -3') and nouse (3-globin (5 - TGATGICTGITTCTGGGGTT
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were obtained in separate runs were stan aré:l ed to the value obtained in

the A85.68 RNA sanple. In Figs. 2 and 3c, d, human 13-gl obin expression is

expressed per vector copy and normalized to the endogenous transcripts
(accountid@ﬁﬂ%m@ﬁmo endogenous alleles). In Fig. 3b, human transcripts are
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refl ect absol ute contfibution of vector-encoded transcr

i nvest i gatreuditecbdne medriooncedls vitheuy aigt elestion inviyvgeneing 1dthiARsieddiattdasdpient
transplanted nurine bone marrow cells w thout any sel ection in syngeneic,
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wi th 5-f1 wduys ailier ¢hih Flurélnacinee Fe), PASMhatg; k1) mg khddydyweeipht)) BoBene
marrow cells were resuspended in serumfree nmedium and supplenmented with
| L-1a (10 marrow cells were resuspended in serum-free medium, and supplementec? with IL-1e (10

ng ml™), IL-3 (100 U mI™), IL-6 (150 U ml™), Kit ligand (10 ng ml") (Genzyme), p-

mercaptoethanol (0.5 mM; Sigma), ;-glutamine (200 mM), penicillin (100 IU m1?) and

streptomycin (100 pg m™), and cultured for 18 h. Recipient mice (11- to 14-week-old

C57/BL6 or Hbb™"* mice ) were irradiated with 10.5 Gy (split dose 2 x 5.25 Gy) on the

day of transplantation. Bone marrow cells were pelleted and resuspended in serum-free

medium containing concentrated lentiviral supernatant, and supplemented with polybrene

(8pg ml™), ;-glutamine (200 mM), penicillin ( 100 TU mI™?) and streptomycin (100 pg ml

", and cultured for 6 h. Transduced bone marrow cells (1 x 10°or 5 x 10°) were then i.v.

injected into each of the irradiated female recipients to establish short-term and long-

term bone marrow chimaeras, respectively.

In short-term studies, spleens were removed 12 d after transplantation to extract

total RNA and genomic DNA. To monitor long-term chimaeras, two or three capillary

tubes of blood were collected every 4-6 weeks, from which genomic DNA, total RNA

and haemoglobin were extracted. To examine vector function reliably in long-term

animals, erythroid cell populations were purified from spleen. Single-cell suspensions

were incubated with rat anti-mouse TER-119 monoclonal antibody (PharMingen). Sheep

anti-Rat IgG dynabeads (M-450, Dynal Inc.) Were added to the antibody-coated spleen



ng mMm-1), 1L-3 (100 U m-"), IL-6 (150 Unm-1), Kit ligand (10 ng m -1)
(Genzyne), (3- nercaptoethanol (0.5 mM Sigma), i glutamne (200 MV,

penicil | iwo(ob@dz2dss) m -1) and streptomycin (100 g m1), anpgdteedobaéssg for 18
h. Recipient mce (11- to 14-week-old C57/BL6 or Hbbth3i+ mce) were

irradiated with 10.5 Gy (split dose 2 x 5.25 Gy) on the day of

transpl antati on. Bone marrow cells werl@-pelleted and resuspended in
serumfree nedium containing concentrated |entiviral supernatant, and
suppl enentcetls wnd pumpliddydsreroem¢iBigd iz -thed mannfadtuteany ecol @YY muber,peni ci | i n (

100 U m -.1) and streptomycin (.100 - 1),.and cultured for, 6_h.
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bl ot anal ysti§d.0fTo AR rsnscriptional activity per vector copy, steady-state RNA transcripts
and vector copy number were quantified in pooled CFU-S,, and in erythroid TER-119+
spleen cells. Twelve days after transplantation, human p-globin expression per
endogenous allele, (Fig. 5a). Twenty weeks later these values were 0.5 + 0.1%
(significantly lower than on day 12, P = 0.02) and 15.8 & 0.9% respectively (Fig. 5b).
These findings established that the larger LCR fragments increased globin expression in
vivo and, furthermore, suggested that TNS9 is more resistant to transcriptional silencing
than is RNS1.

The levels of TNS9-encoded human B-globin could be produced. Haemoglobin

tetramers incorporating vector-encoded human p* and endogenous murine a-globin
(designated Hbb™) were quantitated in peripheral blood red cell lysates after cellulose
acetate gel fractionation. Hbb™ levels accounting for up to 13% of total haemoglobin
were found 24 weeks after transplantation (Fig. 3e, Table 1 in Supplementary
Information). In the same assays, transgenic mice bearing one copy of a 230-kb yeast
artificial chromosome (YAC) encompassing the entire human B-globin like gene cluster®

showed 14% of their total haemoglobin incorporating human p*. No haemoglobin



DNA isol ated from peri pheral blood at weeks 6, 10, 16 and 24. The average
vector copy nunber in peripheral blood cells, neasured periodically for 24
weeks (Fiwo dbop2sgowed highly efficient gene transfer w tgeragdobysggt ors
(1.8 0.6 and 0.8 0.6 average vector copies per cell for [3-globin
transcript levels in the 10-20%range during the sane tinme period. To
assess transcriptional activity per véétor copy, steady-state RNA
transcripts and vector copy nunber were quantified in pooled CFU S12 and
i n eryt hr detearTERcQtgmingspinwer ettt meafwblevn adpnyitha fities beariag RNSnftaitle on,
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t ransgeni gonfififed by integration site analyses. Southern blot analysis was performed on

genomic DNA isolated from bone marrow, spleen and thymus of secondary bone marrow
transplant recipients collected 13 weeks after transplant (one representative RNS1, and
two representative TNS9 secondary transplant recipients are shown). Two endogenous

bands are found in the genomic DNA of C57BL/6 (B6) mice.

Example 6
In view of the high levels of expression, we tested the extent to which the TNS9

vector could correct the phenotype of thalassaemic cells using p° -thalassaemic
heterozygote mice that lack a copy of their bl and b2 p-globin genes (Hbb™*)?!, These
heterozygotes have a clinical phenotype similar to human thalassaemia intermedia and
exhibit chronic anaemia (haematocrit 28-30%, haemoglobin 8-9 g dI'") and anomalies in
red cell size (anisocytosis) and shape (poikilocytosis). Fifteen weeks after
transplantation with unselected TNS9-transduced Hbb™"* bone marrow, the haematocrit
level, red blood cell count, reticulocyte count and haemoglobin level were markedly

improved in five out of five recipient mice (Fig. 6). Anisocytosis and poikilocytosis



Exanple 5 To ascertain that true HSCs were transduced, we carried out
secondary transplants using marrow fromprimary recipients collected 24
weeks af teio o3topsespl antati on. The TNS9 and RNS 1 vectors wereusoeashssy
detected in all secondary recipients 13 weeks after transplantation. Human
1li - gl obin expression was nmaintained in all recipients of TNS9-transduced
marrow. The successful transduction efl2HSCs was confirnmed by integration
site anal yses. Southern blot analysis was performed on genom c DNA
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est abl i sh RN, Wigvietsried a Gedlet bianbet, SRR0BD0RR i cOMcadRaNIY fethidddSO wer e
i ndeed therapeutically relevant. The conbi ned effect of the high

ef fi ci encyngimigished {rpegespiéonabariiviti@vanibe sewe gme period and in secondary
transplant recipients.

Higher levels of murine o,: human B*, tetramers were obtained in peripheral
blood samples from recipients of TNS9-transduced Hbb ™ bone marrow (21 + 3% of
total haemoglobin, n = 5, than with Hbb** bone marrow (6 + 4%, n + 10). The two
groups showed comparable peripheral blood vector copy numbers and levels of human f3-
globin RNA (0.8 & 0.2 compared with 0.8 &+ 0.6, and 16.8 + 6% compared with 10.8 +
7%, respectively). This observation is consistent with a competitive advantage of murine
p-globin over human B-globin in associating with murine a-globin?. In thalassaemic
patients, added human (-chain synthesis would improve the «:p chain imbalance and
thus increase red cell survival and ameliorate the ineffective erythropiesis in these
patients. In patients with sickle cell disease, transduced B* chains are expected to have
an advantage over the B° chains produced by both endogenous genes in competing for the
available a-chains®. Given that patients with S/p-thalassaemia whose HbA represents
10-30% of their total haemoglobin are very mildly affected"?, the clinical benefit of such

an intervention would be highly significant.



vector rearrangenents afforded by the reconbinant |lentivirus carrying the
(3-gl obin gene and LCR configuration adopted in TNS9 yi el ded | evel s of
human RA woomB@esisen in the therapeutic range. The hi gher rPEIpu®2R09588
obtained with TNS9 conmpared with RNS1 was associated with a higher
fraction of permssive integration sites in MEL cells and a higher

fracti on of human RA -containi ng red-dBcod cells in bone marrow chi maer as.
RNS 1, which carries a weaker enhancer, silenced over tine whereas TNS9
retai ned Exampledl shed transcriptional activity over the same tinme period

di d .t ranspl ant i pients. .Hi gh I I f i 2. .h
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conpar abl etrpsdugsddibh™ bbomdnaent oellsdopy) audritedisd deh bev al49-wéeknenmd. 13-

gl obin RNA (0.8.10.2 conpared with O 0.6, and .8, 6% conpared with
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murine a-globin22. I'n thalassaem ¢ patients, added human 13-cHain
synt hesi s wenlinfe¢tag iuragenduslyd I\ ddyaicarlienbathanfteroaradil (3-BUS 150 argdigsbodyed
cell survival, and . iorgte the ineffectjve erythropiesis in these
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endogenous genes I n conpeting for the aval e a-clral ns ven
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haenogl obi n, are, very m | dl Sffect edl1l24, the clinical benefit of such an
i ntervent i@”_\)%l@ga» : &)1f- G PegrapfocSiol olyiginad fignpyena Pty LogeoMEboss - 13-
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/1 3- gl obi n genes [’s therap ic efficacy, ner one marr ow

chi neras emntjs afetetdnwelléted MEPresispaited it ectribificd Bhetiln bentaRidtene&lttaged( N =5)
and studi ed them over a 40-week period, Donor bone marrow was flushed from

the temur slepivigl swperpataniapg seppéerptesd Witk /meg/mlopolispie(Sigmr)c0raMabt ai n
from Jac ksé?ﬁ'taln?l?e? h8b ‘{)f/fnispeﬁll%ﬂfinﬂ%roqx%r/mmptto&‘%inm%q cytokines as above, and

cultureed for 8 hours. Transduced bone marrow cells (5 x10°) were ten injected IV into

each of the irradiated female recipients to establish bone marrow chimeras. Recipients
mice (11- to 14-week-old C57/BL6 or Hbb™" mice) were irradiated with 10.5 Gy (Split
dose 2 x 5.25 Gy) on the day of transplantation.

Age-matched chimeras engrafted with eGFP-transduced Hbb™* (n=5) and Hbb **
(n=5) bone marrow cells served as controls. Vector copy number was monitored in
peripheral blood by quantitive Southern blot analysis, and found to remain stable,
between 0.5 and 1.0 copy/cell on average ( data not shown). Protein expression was
assessed by quantitive hemoglobin analysis, to measure the proportion of hemoglobin
tetramers that incorporate human p* (Hbb™, mu a,: huB*,) or murine B-globin (Hbb ™,
muo,:muf},), and immunofluorescence, to determine the fraction of mature RBCs that
contain human B* protein. Transgenic mice bearing one copy of a 230-kb yeast artificial
chromosome encompassing the entire human B-globin-like gene cluster® served as
reference, showing 14% of their total hemoglobin incorporating human B* and 100%
B*+RBCs'**® Hbb™ accounted for 19% to 22% of the totalhemoglobim in TNS9

chimeras. These levels remained stable up to 40 weeks after transplantation. Over this



been injected intravenously (I1V) 6 days earlier with 5-flurouracil (5-FU)
150 ng/ kg body weight obtained from Pharmacia (Piscataway, NJ). Bone
mar r ow cewosoawei®sr esuspended in X-VIVO 15 serum free nedicanysandooss

suppl emented with 10 ng/nL interleukin-1 a (IL- 1 a) 100 UinL IL-3, 150
U IL-6, | Ong/nmL Kit Iigand obtained from Genzyne (Canbridge, MA), 0.5nM
P- mer capt oet hanol obtained from Sigmalg¢St. Louis, MO, 200-MM -gl utam ne,
100 1U L penicillin, and 100 pg/niL streptomycin. Bone marrow cells were
ten pel | etsemedint: permdsthepiamriion sfenature-feripbenrrbRBOmesmassaigliwmpnciadent r at ed

200mM L GPRERRE ReYaIE0 e FHRICORREE T e h S0 s ghatn B B ogoe A bR

cyt oki nes BReMeq1end cultureed for 8 hours. Transduced bone narrow
cells (5 Pa%Bg) vverlééi'ten injected IVinto each of the irradiated fenale
recipients to establish bone marrow chineras. Recipients mce (11- to
14- week-ol d C57/BL6 or Hbbtn3/'mce) were irradiated with 10.5 Gy (Split
dose 2 x ExamploB on the day of transplantation. Age-nmatched chineras

engrafted vvitth(H:nglrlgr&gﬂﬁ%gﬂiolﬂb@i @%ﬁﬁa(”ZS) and Hobb +/+ (n=5) bone
marrow cells s . copy nunber was nonitored in

peri pheral bl ocrhehyatilitgrif iTNS9eenSoddd fEraxphission daettgd isperipheral blood t o remai n
stable, between 0.5 and 1.0 copy/cel] on average data not_ shown).

Protei n expegastadshatiang-tramdwmatadogic apd sstenis @l@“ﬁ@ﬁ’é@b%ﬁﬁ i Bsi s, to

reacir L SuRAASS ) B e DATHEL AN Sprh TR ity BN e ™

i munof | uRIRSHANERitort@hEBdEbHn Peratdteer bag 0ok, ThlmirkeRBCRatdiat contain
human (3A protein. Transgenic _mce bearing one copy of a 230-kb yeast
artifici alhemogiabimweeneentetiioonBBEsionnts: el hematodsit MasavstyiBedihenighortitRis gene

cluster28 served fere showi n 4% 0 Lr t.otal.hesogl obin

i ncor por att1nﬁegp‘?‘ﬂﬂ§€§oﬁk&almfe%%cegﬁwﬁégg}@{i%g ﬁlﬁiﬁtra%sg%%dn ed fg)rOB?Q% to
22% of t hendrdvabOienmeaateld e diely MSnic CALIFRIAS thaf the S@nsMBhtfon ROBIdaRD st abl e
up to 40 weeks after transplantation. Over this WO 03/002155 PCT/ US02/ 20988

-14 sane tiisel dibnotadter theanpmispiate. i1be reticulacyte ewupisrdepisasediio RBde 8% pr essi ng
human RA r i ned el evat ed l.e.(abaqu %.1t 0. 8Q% m:as shown by
dual st ai 2]:1\?89 H?a%f:nl%- WerﬁAcch%areldEﬁagﬁ%{/g%oaﬁ“ ( 11& o ez}glf-treate%q{@b'

chimeras and age-matched Hbb™/* mice, suggesting an increase in RBC life span and a

decreasein erythropoietic activity.

Example 9

To determine the impact of sustained human B-globin gene expression on
hematopoiesis, we studied the degree of splenomegaly (enlargement of the spleen) and
EMH in 1-year-old chimeras and age-mateched control mice. Spleen weights measured
in Tns9-treated Hbb™"* chimeraas were indistinguishable from recipients of eGFP-
transduced normal bone marrow, as were the total number of cells per spleen. In contrast,
mice engrafted with eGFP-transduced Hbb™"* bone marrow cells showed spleen weights
and total cell numbers that were about 3-fold greater. The cotrection of spleen weight in
TNS9 bone marrow chimeras corresponded to a concomitant normalization in total
hematopoietic progenitor cell content. Spleen CFU-Es, BFUEs, andCFUs-GM were
reduced to levelsmeasured in recipients of eGFP-transduced Hbb™" bone marrow,

whereas they remained elevated in control chimeras engrafted with eGFP-trasduced



Exanpl e 8 Long-Term anelioration of anem a The stability of TNS9-encoded pA
expression detected in peripheral blood suggested that |ong-trem

henmat ol ogwe @nd2syst em ¢ therapeutic benefits could be ohia /w2008

i nvestigate whet her Hbb hu production would suffice to teart the anem a, we
cl osely nonitored henogl obi n paraneters over 40 weeks. The marked increase
in henogl obin concentration, RBC couitfs, and hematocrit was sustai ned

t hroughout this tine period. Control mce that received transplants of
eGFP- t r anSihb¥&tbbinhnhZow chitnand image-matahet bbb Emaiios ds prevusly pbsareed in,
indicating that the transpl antation procedure itself did not alter the
aneni ¢ st Anatherparipg modsld fyihalagssiit’s decreased to 5% to 8%in TNS9
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span and anddieer BASEE-er SHiMEMP ahdidecmaieh icuntigls. Hxsmpphology dOsplednsofii ne t he
i npact of sustai ned, hurranéﬂ(ﬁ-gl obi n gene ex%e%%i on on hematopojesis, we
st udi ed t Hpicadat seceyed disnaeneabsGFR-ERndicge MbRT - opameys wap vEBAlLY wdegticatnvy | n
1-year- ol hi. neras ager ahed. coatr .C8. ' asured
” Thso-t e PO PR P AN it Shlhebt G SPRBP S e Bl o <
of eGFP- tdxpasdbdCasdonttin®ior BOYIG0 DBV T\he &Dsceondl @rdapird densypescupliedcel | s
per spleen. In contrast, mce engrafted with eGP-transduced Hobt 1li 3' bone

mar r ow celliyswsiegigderehroad arogrisetst Ehe whige pwpdrasedpn ciossrstignal gege, Wt e about

3-fold gre r... The correction of | een wei.ght i 1) hon row

chi mer ae. dBPp Ry ddseroE oo tegnegimel RES Rr et sttty i ke et

henat 0poi afubfeaftt USROS, r&lectifl nafRRkiHsionT tBRSR APl &l erfikdEs predmds U GM
were reduced to |levelsneasured in recipients of eG-P-transduced Hbbt'
"bone mar rBWs9-trakied ehisnarire therasmainheldreé pulpavasdconsidershlyrdsicreasednaacauntggr af t ed

W th eG-P-trasdugce 3 2155 PCT/ USD2/ 2098 = Hopt h3/ + bane marrow
el I's and PHOTGEDTiA 0T D FHBELIE RSB raLEop e sideh oRURFad | n
anot her MypjicRatARSRhRSd privtiRalsas 8BRS pHlP WikRlebRASRASOHRP iRhafh Was
corroborated by norphol ogi c exam nation of spleen

hematopoietic cells were present in the red pulp, but much less frequently than in the

spleens of control Hbb™* thalassemic mice. The livers from TNS9-treated chimeras

were similar to those of the normal control mice in that no EMH was detected. In

contrast, livers from mice engrafied with eGFP-trasduced Hbb™"* bone marrow cells

showed seral small foci of intrasinusoidal EMH.

Example 10

Toxic iron accumulation in the organs of thalassemic patients is a consequence of
RBC destruction and increased gastrointestinal iron uptake. To determine whether
sustained expression from the TNS9 vector reduced iron overload, we stuied tissue
sections of li{fer and heart, stained using Gomori iron stain. No iron depositibn was seen
in the livers of normal Hbb"* control mice, whereas Hbb™"* mice showed variable
amounts of iron, including some large aggregates. TNS9-trasduced treated chimeras
demonstrated low to undetectable levels of iron in the livers, whereas iron was readily
detected in the livers of all mice that received transplants of eGFP-transduced Hbb™*
bone marrow cells. No iron accumulation was found in the heart of treated or control
mice, as previously observed in another murine model of B-thalassemia,* in contrast to

what is found in the human disease. 3



and liver in long-termchinmeras and age-match controls. Hi stopathol ogy of
spl eens of mce that received transplants of eG-P-tranduced Hobti 3/ +
mar r ow wayovisfooridkl y i dentical to that of sl peen from conigmisobbiish3t +

m ce. Specifically, the red pulp was significantly expanded, accounting
for 80%to 90% of the cross-sectional area, and densely occupied by

nucl eated erythroid precursors. The whi6t-e pul p, based on cross-sectional
area, wsa relatively decreased and the margi nal zones were obscured by the
| ar ge nunbegample 1ucl eat ed RBCs, reflecting major expansion of the red pulp
and erythroid precursors. In TNS9-treated chineras, the amount of red pulp

was consi derably decTeassess togffenssiof g iva sieciphyoraslstramgusedyvigosiobm t he
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spl eens of control Hbobth3i+ thalassem c mce. The livers from TNSO-treated

chimeras feefalays withddTKd(28hesee) ahd NEMPREWROMeRE), startingdewedks taligt no EVH

was detected.. | .contrast, livers fromum ce engrafted w.th eGP-trasduced
oot 31 < bOAniHAASR P ERRG e RiRE naP ety PR B Pbtaliiall o Ewn
Exanmpl e 10ydifed daily 18RS A&FATHA AMPR (40tgd/RE) %@NBMFR—PKQ%F BitiR@bi ents is
a consequence of "RBC destruction and 1 ncreased gastrointestinal Tron

upt ake. Toweekseftar administtatien of gaustiaded done xprevsicdls. i pretachk3, TINSgcipesnt or
reduced iron overl oad, stujed tissue sections.of.liver and heart,

stai ned usPH§ W?qneflﬁ’%ﬂ}ﬁl@{sﬁi an f%heirﬁlﬁ’ﬂ g gadiaLon; At r Wgt i ivers
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not treated with a "myeloablative conditioning regimen". They are treated with a

relatively milder conditioning regimen consisting of a "non-myeloablative" dose of

busulphan. It is hoped that, in combination with "in vivo selection" mediated by

DHFR/TMTX, the recipients could be satisfactorily engrafted without receiving a

harsh pre-transplant treatment. This would be the way to go for treating subjects with

severe hemoglobinopathies.



To assess to efficacy of in vivo selection for cells transduced with gl obin
and DHFR-encodi ng vectors in accordance with the invention, using
anti f ol at @® d¢3w@21s60l | owi ng alternative protocols are used.pdimggwabeesol 1,
the recipient mce are treated daily for 5 days with MIX (25ng/ Kg) and
NBMPR- P (20ng/ Kg), starting 6 weeks after admnistration of transduced
bone marrow cells. In protocol 2, thelfecipient mce are treated daily for
5 days with TMIX (40nmg/ Kg) and NBMPR-P (20ng/ Kg), starting 6 weeks after
adm ni stration of transduced bone maigudMSl|ls. In protocol 3, the
recipient mce, conditioned wth busul phan rather than with
gamma-irradi ation, are treated daily for 5 days with TMIX (40ngy/ Kg) and
NBMPR- P (20ng/ Kg), starti Wk : 81‘?1?11 i.stration of transduced
bone marrow cells. (TMIX %ecé remﬁl;egﬁg%grgsc e%:lzlg); >MIX (Met hotrexate
LPF Sodi um | mmunex); NBNBER- P A idkioh eb@pasihg hif@idtioaalngobib'gemmnophpsphat e
di sodium salt; Al berta nucl eoside therapeutics). Protocol 3 is in.
princi pl e the nost attradb) ve lpgepesions akthe Beleia;lpsus sostrelregipntwhich adi at ed
and furth e ' a " el i Lt .Qni i ren" .
They are hamecrii 6R Hhatkichefve BEHRSE LR HR 0N Chlt LA BT g
of a "nonemprebaabbagglbin Hheeindlodudedsitb RhASmmEL iniw§vdjoped that, in
conbination with "in vivo selection"” nediated by DHFR/ TMIX, the recipients
coul d be satisfactorily dRyrafaregioncripding & dibpdrofolgie sedvatash pre-transpl ant
treatnment. This would be the way to go for treating subjects with severe
henogl obi nopat hi es. WD 03/ 002155 PCT/ US02/ 20988 -17- CLAIMS 1. A
reconbi nant |entivector crEpitilBHclaind), frth&PoprisRiF hehRPGK prontdtéonal
gl obin gene; (b) large portions of the (3-globin |ocus control region,
whi ch i nothgern thempoesed GRipsungtetsppirpls disexpiression afdlee 19gmn cpgBlingwl HS4, sai d
vect or pr%\éﬂ aiﬁo egﬁrtessi on of P-globin when introduced into a mammal in
vivo; (c) Y 3%6‘?1” %Sﬁﬁ‘ng a di hydrofol ate reductase. 2. The vector of
claim1l1, further conprising a nouse PCK pronoter, wherein the nouse P&K
pronoter controls the expression of the region encoding a

3. The vector of claim 1 or 2, wherein the globin gene encodes

human f-globin.

4, The vector of any of claims 1-3, wherein the dihydrofolate

reductase is a human dihdrofolate reductase.

5. The vector of claim 4, wherein the human dihydrofolate reductase
is a mutant form having increased resistance to antifolates as compared to wild-type
human dihydrofolate reductase, said mutant form differing in amino acid sequence from

wild-type human dihydrofolate reductase as a result of a set of mutations.

6. The vector of claim 5, wherein the set of mutations comprises a
mutation at an amino acid corresponding to amino acid 22 of the wild-type sequence and

a mutation at an amino acid corresponding to amino acid 31 of the wild type sequence.

7. Use of a vector according to any of claims 1-6 to transduce
hematopoietic progenitor or stem cells for the treatment of hemoglobinopathy in a

mammalian individual suffering from a hemoglobinopathy.



di hydrofl ate reductase. 3. The vector of claim1 or 2, wherein the globin
gene encodes human (3-globin. 4. The vector of any of clains 1-3, wherein
t he di hydwef @loet@s reductase is a human di hdrof ol at e r edugicaseso2beosdhe
vector of claim4, wherein the human di hydrofol ate reductase is a mutant
form having increased resistance to antifolates as conpared to wild-type
human di hydrofol ate reductase, said mitant formdiffering in amno acid
sequence from wild-type hunman di hydrofol ate reductase as a result of a set
of mutations. 6. The8vect Qhe ofe &fl chaiii B wheteii eiké¢ledtivn ssat usivig mudnsifolam $s
conprises a nutation at an am no acid corresponding to amno _acid 22 of
the wi | d-t ppréoraed e e tapepduge anepilatin ofcelnwihinrseased gunbers ek wemdnssd t o
am no acidC of the wild type sequence. 7. Use of a vector according to
any of clarns 1-6 to transduce henatopoietic progenitor or stemcells for
the treatnent of henogl obi nopathy in a manmmalian individual suffering from
a henogl obi nopat hy. WD 03/002155 PCT/ US02/ 20988 -18 8. The use of claim?7,
wherein a sel ection 8tep UbeHep efrrlams wdeeintheqntigaleteis mraghasexdtevo t o
produce a popul ation of cells with increased nunbers of transduced cells.
9. The use of claim8, wherein the antiifolate is nethotrexate. 10. A
mammal i an hemat opoi e10.c pAGEgRdalhn REmAbRITEEogéiliRR SE SteRictell Wah$tiuded
reconbi nant vector according to any of clains 1-6. 11. A nethod for making
a t her apeuwiith agergayhant yactboaccording iveay obelaithembgl obi nopat hy in a manmal i an
i ndi vidual, conprising the steps of preparing a reconbinant vector in
accordance with any of claim 1-6, obtaining hematopoietic progenitor or
stemcells fromthe pamaiaBhbdeirthakidd a theRgehtidbrabaitie foP@ed@bhtorW t h

t he reconbi nant vector. 12. The method of claim 11, further conprising the
step of pehémegivhigopadlny me mammagieh extividual,.ompyisitng thestepodfpreparing a

recombinant vector in accordance with any of claim 1-6, obtaining hematopoietic
progenitor or stem cells from the mammalian individual, and transducing the cells with

the recombinant vector.

12.  The method of claim 11, further comprising the step of performing

an ex vivo selection using an antifolate.



