23 DEC 2005 VECTOR ENCODI NG HUVAN GLOBI N GENE AND USE THEREOF | N TREATMENT
OF HEMOGLOBI NOPATHI ES St at enent Concer ni ng Governnent Funding This

application was supported by funds provided under NHLBI grant HL57612. The
United States governnent may have certain rights in the invention. :

St at enent Concerning Rel ated Applicatians This applicati &&jﬂﬂ]gﬁ%he
benefit of US Provisional Application No. 601301, 861 fi , 2001
and US Provisional Application No. 601302,852 filed July 2, 2001, both of
whi ch are incorporated herein by reference. Bacﬁ\g(pJ d t he I nvention

This application rel a@@mW@@pm}ﬂlMﬁN@ﬁﬂg I'Tan. : and
particularly a hunman gl obin gene a %}BHE@@GMWPAYH]E eat nent of
henogl obi nopat hi eqjSE WHEBMSNéEWgﬂA%thaI essem a and sickle-cell disease.
Current treatnment nodalities for j3-thalassem as consist of either red

bl ood «cell transfusion plus iron chelation (which extends survival but is
cunbersone, expensive and an inperfect therapy), or allogeneic bone marrow
transpl ant (which a %i?m{d.i and is not available to the

maj ority of Stsdmemb S HET € a substantial ,ne NERBI LR Ryed
therapeutic approachesy: T, io@ﬁ@am@uppmﬁbymdbP@V%a%‘émgeg gene?’jitﬁzi:3
correction in autol ogous henat opoi eti c St m, ggr{aﬁméh&qﬁtmhmﬂgmne t her apy
to provide g $7885- ThekyitariatprosouerBRPEEF ong-termtreatnent, \Wile gene
t herapy has been proposed for nmany years, a significant challenge facing
efforts to devel op gene therapy vectors is the ability to produce
therapeutically Qfdefllloexjnﬁl o Satelf Aipliddiong ed protein or peptide. The present

i nvention vector which is,c @P@mmhdimﬁwt@méﬁem ically
meani ngful | evel s of ’lfmﬂmﬁh@ﬂ“@BFlﬁm?%Pe@%g‘?Lﬁned period Thi's

. S of i
abi 111y ari ses. {7 om ¢ he abibi iy L US eyl hapbeiaeNbrioe PEgu Kor y
sequences t heft 3o rBlF' expression of the therspge?etré . gene, 2 a DEC 205 -2
Sunmary of tmh,%mlﬁmommbwﬁWOW@%?%e% et Iviral vector is

Backeround of the Invention | )
This application relates to a vector comprising a mammalian, an

eatment of

particularly a human globin gene and to the use thereof in tr

hemoglobinopathies including o~ and B-thalessemia and sickle-cell disease.
Current treatment modalities for p-thalassemias consist of either red blood

cell transfusion plus iron chelation (which extends survival but is cumbersome,

. ch
expensive and ar mmp erfect therapy), or allogeneic bone marrow transplant (whic

carries a lethal risk and is not available to the majority of patients). Thus, there 15 a

i i i ovides a
substantial need for improved therap eutic approaches. The present invention pr

ieti i apy to
genetic correction in autologous hematopoietic stem cells, thus using gene therapy

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 mvention

provides a vector which is capable of providing therapeutically meaningful levels of

human globin for sustained periods of ime. This ability arises from the ability to

transmit large genomic regulatory sequences that control expression of the therapenfic

gene,




-| n accordance with the inv provided conprising: (a) a region conprising a

functional globin gene; and e portions of the ~ i-globin |ocus control
regions which b) lar ( g The regions include |large portions of DNase |
hypersensitive sites HS2, HS3 and HS4. nmay be the conplete site or some
| esser site which provides the sane functionality as t 8 fﬁ;ﬁoﬂ)’ﬂﬁ when
speci fic sequences set forth below This vector provid expression of ~i-g
introduced into a mammal, for exanpl eZx human, in vivo- Optionally, the
vector further conprises a region encoding a dihydrofol ate reductase. By
I ncor poration of doi Eﬁ%@eﬂ{tioﬂ' obin genes, the vector of the invention
t hal essezni used i ngi_lr eat ”%flfm gfredgﬁgbmgdleﬂuimr@b‘éﬁcFﬁrégs, I ncl udi ng
a- and R sickl e-cel | wHlisseadamce B ﬂé@?ﬁ% e,” hemat opoi etic progenitor or stem
cells maybe transformed ex vivo and then restored to the patient. Sel ection
processes mpybededse@PEYBE i ncrease the per.cenél?&ﬁmglfgkguiﬁgﬁfeomﬂed cells in
the returned popul ation. ~@)~ e«@m@PéPngaSe ection marker .\/\hiwcrgchrrakes
transformed cells nore drug. resj s(;teg,rg{.ﬂogg Yihe Selodit loows cOBEPIFEEA ows
sel ection by treatnent of e celts wth the COH;@ Nchi gy amgé epions
enri chment may, g' %Jfo be .GAL bt Blagithybersepsie; sifep F15¢ ;ﬁ% € ‘using nethotrexate
or simlar BWRPAEGIESPES to sel ect for cel lhfchr? - ek sesifstctiomelisyasthl
expressi on fram e cwaplkbrsitc of s 510 ate reduct ase %Dﬂg@lw Brief
Description of the Draw ngs Bl Below. qﬁgw&t&ﬂm@m@ﬁﬁ@s%@rﬁ i%Pe of a
reconbi nant speifigseEBIB LY "accor dance with t he iR ﬁ&{ahQriheﬁic@r fizthehows
the genomic structure qfmmeeanhiesmplontddy & Fovi ré vector within the
scope of t he THRVERTT on. Fi g..3 sgqg,ﬁm%mgfeidﬁ@&%al results denonstrating
i ncreased meapmpisegb odsion crERGPEEST I'n transduced NELtC%lfhl%'inventiOn

By incorporation of different globin genes, the vecdor oo nd

\ o ; - -thaless

may be used in treatment of hemo globinopathies, including o- and B

jeti ' be
cell disease. For example, hematopoictic progenttor o stem cells may

sickle i "
ivo and then restored to the patient. Selection processes may be us

transformed ex population. For exarple, 2

increase the percentage of transformed cells in the returned

] - rmed
marker which makes transformed cells more drug resistant than un-transfo

selection rresponding drug. Selection

lows selection by treatment of the cells with the €0

al
. ample using methotrexate oI

and/or enrichment may also be carried out in vivo, for ex

1 1 ector
lar antifolates to select for cells rendered resistant by the gxpresswn from the v

simi
of a dihydrofolate reductase (DHER).

Brief Description of the Drawings
Fig. 1 shows the genomic structure ofa

recombinant onco-retroviral

vector in accordance with the mvention. |
Fig. 2 shows the genomic structure of recombinant ongo-retrovmral vector
within the scope of the invention.

Fig. 3 shows experimental results demonstrating increased mean {3-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 invennon._




Fig. 4 shows the average vector copy nunber in peripheral blood cells,
nmeasured periodically for 24 weeks, which confirns showed highly efficient
gene transfer in cells transduced with the vector of the invention. 28 DEC
2005 -3- Figs. 5A and B show human p-gl obi n expressi on per endogenous :
allele 12 days and 22 weeks after introduction of cellzoéw gpd with the
vector of the inven Fig. 6 shows haematocrit level, ré& od cell count,
reticul ocyte count and haenoglobin |I€vel fifteen weeks after
transpl antation with unsel ected TNS9- transduced Hbbt alTEle 1D W.
Detai | ed Description gf tsRemkmdotitoman f-go0) ?@fes%\%lb%%gﬁé?ggtﬁﬂg present
i nvention, a reconbinaft lentirviral v c&gl{sdud'egw@c{l@w\daetzbrof)tﬂnptm@iﬂi‘f&: (a) a
regi on corrprdia§gmnﬁmmﬁeowépd@tl%%c ne; and (b) large portigns of the
3-gl obi n I ocus control, r egi ANS. . b&k levieh eddidedDRAS@F: r%&‘fb’ FEERSitive sites
HS2, HS3 and HS4. As U¥ed™in the specificatlggﬁgiog%%@é&edhﬁﬂ@ef, the term
"reconbi nant, . kenthMidialeveldiftoon Wede B8PS ANTArtiticial |y created
pol ynucl eotide vector gssenbled froma lentiviral-vector and a plurality
of additi onatrarsdepeditbt” a8°% FEEU't of human intervention and nani pul ati on.
The term "functional globin gene" refers to a nucl eotide sequence the
expression of which | eads t(gha gl gbi n that does not produce a
henogl obi nopg_@ﬂﬂg@@@@ﬂﬁ&%ﬂ?ch is effective to provide peutic
benefits to-an Indivi duale yilfhcfor @@hiiﬂﬁergbmbirﬁpog@ﬁ@mLpﬁtérvgﬁh)gﬁ:éﬁnm
gl obi n gene may encode™& i -type globin appropriate for a manmal i an
i ndi vi dual t@#gvihg@@gngﬂi,singr It maybe a nutant formof globin, preferably
one which pro es for ‘superjor progeg(}%@émgfa%chmloehsgpparam@r oxygen
transport properties. The f@hctidR&r” gl obi n gene incl ud(;g_@iot Qngx,@%al and
introns, as well as gl obin @§om@gE gorings of i feglobiBARIIE P btors.”" Stit ably,
the globin gene may encode a-gl obin P-]%stobidrhsélor y-globin. 3-globin
pronoters m%n&ﬁd@ﬁdse\lﬂhmberseeaﬁw%?S%@ oBi N génes. The reconbi nant
vectors of the invention a%eds.o ien%[#ﬂ HoR btEcl i hiroof thofterny ecor§EdEt cont r ol
regi on. (LCR) which indtdd s ypersensi tive sites HS2 3%
lentiviral vector” refers to an artificially created polynucleotide v

iti intervention
{entiviral-vector and a plurality of additional segments as a result of human inter

and manipulation.

The term “functional globin gene
oes not produce a hemoglobinopathy

» refers to a nucleotide sequence the

expression of which leads to a globin that d

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 1t may be a mutant form of

globin, preferably one which provides for superior properties, for example superor

oxygen transport properties. The functional giobin gene includes both exons and
the globin

introns, as well as globin promoters and splice doners/acceptors. Suitably,

gene may encode a-globin, B-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 [ 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. (USA)92: 6728-
6732 (1995); Lebouich et al., EMBO J. 13: 3065-3076 (1994). The term “large portions




l % In prior studies, smaller nucleotide fragnents spanning the core

portions of HS2, HS3 and HS4 have been utilized. Sadelain et at. Proc. -
Nat'| Acad. Sci. (USA)92: 6728- 6732 (1995); Lebouich et al., EMBO J. 13:
3065-3076 (1994). The term "large portions"” 2& BEG 2005 -4 ass | arger
portions of the refers to portions of the |ocus contrgl§ DE aB0% whi ch
ested fragnents including only the core hypersensitive sites as opposed to
previously ts. The regi ons maybe the cbnplete site or sone |lesser site
whi ch provides the elenents. enbodi nents . sane dr@baions yf the t he
specific sequen%esogﬁgﬁsgf%élbmisebmlwgﬁpfpw}b‘ﬁh?ngpél%eﬁl&ﬁ%i gn, Ehﬁ | arge
Portions of "¢f& 'Y BEUS control re | ons E,Qes@ea%@bﬂeﬂdhﬁhémg@ﬁiﬁt &“DRase |
hyper sensi t i orSérsitwe sites 28RBS OR PV MiTtipl e fra ment.s, ﬁﬁ%}oﬁiﬂﬁtﬂéng one o
unction ced DATA ”r}-ﬁ" | ocus, confkpd conplitosiicmason S*h¥'F"odu- "L bi nding sites
at the j to demBbunttB°=NY specific rrecha%i grmbbglgwj $n proferrbe eweeHERS and
HS4. WWhile not idf, diing astht eEciéinHeACRES P $7her | evedpthat b&;g%rom
incorporatioﬁ?mof these transcri tﬂsgpthfqugu@[:omiomcﬁgi@gs@rﬁﬁﬁéﬂ ess of the
vector. The gememiventsms HefdEEPBY " 6ne embodi ment. of gnfgﬁ‘lp],gl@i@ésprm@ﬂdiﬁbm
i nventi on m{%‘?} |ggélgengge&h@{dnﬁﬁﬂg%sbfth@ﬁn‘{aﬁlé@?eﬁss shown in Fig. 1. TNS9
i ncor por at es ! =g téjé;lS%)ﬁ%{n%%mje@)?A%? bafliresiterad & IPRERDL er

Ol i 3
sequence and g 13cus@oharigegoetid . 1or Opti onal l%y%gf?sﬁé%‘%é)&e&’faném’%

region of the lentiyvijral ckhpneCiafndiag tebetoad ne are increased
safety. In meq;gﬂ&%@%}é@%ﬁ‘gﬁd introns of t hgaol&hl ing sRés drhencspthiece donor
and o

The Iocationsoeﬁgveeditﬂgiﬂ%ncd%@mm&ﬂ@@Ws?rmtﬁog pén boxes, human J3-

effectiveness of the vector.

The genomic structure of one embodiment v
globin gene (from position -618

of the vector of the invention

(TNS9) is shown in Fig. 1. TNS? incorporates human B-

- element.
to +2484) that includes an extended promoter sequence and a 3-enhancer

aportion of 3' U3 region of the lentivir
ns of the human B-globin gene are

ions are indicated for the splice doner
), rev-Tesponse element (RRE), human f-
Thus, in the vector TNS9, a functional

al backbone can be deleted for
Optionally,

increased safety. IFig. 1, the exons and intro
represented by filled and open boxes, The locat
(SD), splice acceptor (SA), packaging region (¥

globin promoter (P) and 3"-B-globin enhancer {B).

fB-globin gene, which includes both the exons and introns of the gene and the relevant

control sequences from the human B-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-BsiXI), a 1308 bp HS3 fragment (Hind-Bam¥l)

and a 1069 bp HS4 fragment (BamHI-Banll).
in a further aspect of the invention, the B-globin gene coding sequence can

be exchanged and replaced with gither the gamma globin gene (for sickle cell disease) or

' - f
the alpha globin gene (for alpha-thalassemias). Inone strategy, a Ncol-Pst I fragment 0

the -globin gene is replaced with the corresponding Neol-HindIT fragment of the

gamma globin gene or the Neol-PstI fragment of the human alpha globin gene. These

fragments start at the translational start of each globin gene (spanning the Ncol site) and

. o ]
end past their respective polyadenylation signals. In the second strategy, chimeric gene

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




- !!! splice acceptor (SA), packaging region (v), rev-response el enent

(RRE) gl obin pronoter (P) and 3'-P-gl obin enhancer (B). Thus, in the vector
TNS9, a functional p-globin gene, which includes both the exons and
introns of the gene and the relevant control sequences fromthe human
Vii-globin Locus. These are conbined with the large f 1)t 9088 the | ocus
control region. The 3.2 kb LCR assenbled into dTNS9 coffsists of an 840 bp
HS2 fragnment (SnaBl-Bst), a 1308 bp H$3 fragnent (HindMBarrnf) and a 1069
bp HS4 fragment (BarH -Banll). In a further as clacayveg‘for{hla@ompviemth%n, t he
(3-gl obin gene codi EH ;@Wbmem@x@ﬁéﬁﬁ & “and r epl aceg ‘6“1111% ei t her

t he gamma ghe®igiFene (for sickle.cell L HipRaEeonthe gaEnBPSH Cgflo in gene
(for al pha-gaghﬁgﬁﬁfbﬁsﬁﬁ,mﬁb%‘) ategy, a Ncol - P tyd fragment of the
(i-globin gene’is repl ace& mh{gggma@mrrhml?f&WEO =oP- H ndf | frﬁgmsnt of

t he gama gk@ﬁmt@%}n&ﬁ.}n %e Ncol - Pst | fra{g}n‘%ﬂﬁs mth&aefﬁmlﬁaﬁ’ihgirhl g| obin
gene. These fr%%gggg,sa@tmlbetai'unﬂ‘@ﬂafe&ﬁ%@a'ional start of %ﬁé)ﬂcgj obi n gene
(spanni ng t B&Ro site) and end eﬁ@ﬁ%er&,fseiﬂdTesmélﬁﬁeéécgbo&s’yadenyl ation
signals. In Vteaermwn@mqeg?fé’ﬁ’ﬁ, 'chi meri ¢ gentﬁ%k . AN bengeaepabededy onl y
swappi ng the codin es;g&a%ﬁl_@ymadﬁn@nﬁmﬁﬁa? *thiee exonS of 2a.DEC 206
-5- the gam@eBPEb" Yene, the resul s ]ﬁa\&ﬁi@dﬁfatetglyailewﬁ%fd?a@ggﬂ% e these
genes. Thus, af%ﬁstaﬂi&mﬂz,mlim@?}d]inﬁﬂgant}éta gl obi n_?rom)tcg(wﬂ fhgnkleta gl obin
5" untransl ag ed region, thgloginr gé&ﬂ,betnhﬂif@dmﬁéhﬁtﬁ SR tke gamma exon 2,
the beta inteom 20fHHETBR*E ANd the beta 37 untrans!@iwed tiesiton helsts al |
the el enents ofchrap Os{iﬂ@%hatgﬁmm%@qblﬁﬁ%‘%@ﬁelvector remain in place
{pronoter, ennhancers, 5 and X unetsge%nslat eo regions, a globin gene g
sites and t hgldbit gamass Jweviehe 8t PRESD addi ti onal GATA- 1 binpdiveRidi bon 2,

whi ch is nost irrportantp)&diti]oﬁﬂaelérﬁbjnfsdn@tbeém@g%%i11{‘%"8%%% usage wua (at

| east x exon 3 of the ganma gl obin gene caf%r?gmlli?;g!itﬁej@dtoﬁmaymmdpts
sequence Wi | I fegenitieatdn cShpessr B Bergiat 61"t e “bet a gl_(&tajier ,Jeng. The
reason for testin thlf{ is thl%mttﬁgeﬁﬁésﬁonmhpvectorortoprov1

selectable markers, 10 €O - N
over untransformed cells, oF control markers which allo

ction of transformed cells
. s the selective removal of such cells

targeted disruption of transformed cells, and thu

chould termination of therapy become necessary.

Tn a further specific embodiment, the vector of the invention includes the

mouse PGK promotor and human dihydrofolate reductase (DHFR) cDNA asa

transcriptional unit. Mutant forms of DHFR which increase the capacity of the DHFR to

i ingle
confer resistance to drugs such as methotrexate are suitably used. For example, sing

i i ' ibed in
and double mutants of DHFR with mutations at amino acids 22 and 31 as described 1

commonty 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
_456 to -9 of HIV LTR and the

scope of

the invention. The vector includes a deleted LTR, from

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

i t
transformed cells with a methotrexate-resistant phenotype. As a result, methotrexate,

and other antifolates can be used, both in vifro and in vivo as a selection to tool to
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gl obin gene is always the best expressed. Additional elenents may be

I ncluded in the vectors of the invention to For exanple, the vector nmay
include for facilitate utilization of the vector in therapy. selectable
mar kers, to confirmthe expression of the vector or to provide abasis which
all ow selection of transformed cells over untransformag cBeﬂt.:Flszﬂﬂgr control
mar kers targeted disruption of transforned cells, and t gs e sel ective
removal of such cells shoul d terninatfon of t herapy becone necessary. In a

further specific enbodi nent, the vectar the i.nyv | Q0 LG kidgtes t he
mouse PGK poRimRt @veRnd tmlfmmniodalrhy@?ﬁ?‘wa%e? gatﬁ%tf)%ogg{c(sDI-FR) cDNA as a

transcriptional unjt.. ] .0f kR whicthat wae des getttewEhpaci ty of
t he DHFR td?fané@ﬁ?%i “?%%iﬁgf%ge %ng‘%%ﬁfgs such as_ net hot rexaéﬁvgggf sui tably
used. For W@(@s R @seyand THETD(0S matdas OTETVeBRERORFYR it att ons at
am no aci ds and ‘31 as described. in, legh&gaﬁ&hmdim_mmdwwion
No. WO 97133988sedivman ﬁ'r&l‘ﬂ?lﬁ(’f@Fep‘B?cgthf-ﬂl erern by refﬁergncig, may be
advant ageou utilj T8 r ISMIBPR-H foe sgenonolryrdiset 67 of specific
vect or vvitharsl%ﬂ%{“ﬁ%m?%%‘g@gﬁﬂ% he invention. The vect - 'e%%eﬂg&s a del eted
LTR, from-456 to -9 THe sbivrsofrhedpepntipreare pege 1 MHEY 47 t% p) fromthe
muri ne phosphogl ycerate kinase 1 thds &) §& ephtd@iriest the DMERIcancodi ng
regi on' encodtHE PR HEBME %%te]ﬁ“)%l?@ a%hgtsi on At amno. _acid %‘toﬂ%}e | ocus
control r eghgﬂatalgtqeﬁcfﬁ%%%ﬂbm stent @l ane tangomted e yite 2AS PR IPERS O T s

vector is designated dTNS9-PD, This i n%orgﬁérg(%fj ﬁ@té}ﬁl‘@éﬁﬁoﬁdﬂﬁ@ this vector
provi des t patiesf.oAmaedie e sPoRLEGIoP FACIRYEr &Yt e-Tesi stan{l Ig{;enottype. As a
result, nethotrexate b Rt onARdskd Rhak@sictianclband sentheBerP'#if vitro and
in vivo as BI%BWEO&S?%%S@@Q?%OI tog%Z 8 DEC 2005 -Geﬁnhancersl e_r\ég#g gL the
functional besnaliehf, eWremiheemdisohematepointie ieBeld PIHEPE™S ¥ria e med

usi ng dTNS9- PD and reintroduced to.m ce e €5 idhenid the at edt wifitiont

NVBPR- P (0. @ﬁmgwseésdw%vr%ﬁ%?%”‘ﬁﬁsa‘t&g@‘%“ or fS_i ve aays, _o,‘t:)Pierved | evel s
of  XBr essed, ARl (i h@RhfcHBenioniah chilgho be aehisicdesis RSHTRLEEF %t h
dTNS9- PD vectors after treatnment with TMIX and N%%gceh%egﬁgﬁgf&gm of
transduced cells. Th&eleetidnareceses PREDS Wrd R PEIFS e USed 'n t herapy for
treatment of _indjvidual &1 1 7Y L4, hapreiehhatpatiiitesakebn one

enbodi ment  6F11% ?ngﬂ?qs%oijm&ﬁ%n%tggpoi et’i c progeni Eor or stemcgells are

t r ansf or med gy fiMel @e ridnedrup esststntitian wn-trapsformed cells allows selection By

£ the cells with the corresponding drug. When DHEFR is used as a selection

treatment o .
marker. it can be used for enrichment of transduced cells in vitro, or for in vivo selection
Ll

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, B-globin gene was subcloned from

MPB6L (Sadelain et al. Proc. Nat 7 dead. 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
itrated as described in Gallardo et al., Blood 90:

ultracentrifugationm resuspended and t
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patient. As usedin the specification and clains hereof, the term

"hemat opoi etic progenitor sand stemcells" enconpasses henatopoietic cells
and non-hematopoietic stemcells, e.g., enbryonic stemcells,

hemat opoi etic stemcell precursors, or any of the |latter generated by

nucl ear transfer froma somatic cell. It is knowin the m*@ tch?gugaffici ent
genes transfer into human enbryonic stemcells can be ag \;ed usi ng

| entiviral vectors. Selection processgs may be used to increase the
percentage of transformed cells in the returned nopuhatdQaueRaikce@xanpl e, a
sel ection nBpley (M*)i?):Wmmgsaﬂsoﬂnr%ﬁﬁlf%?sﬁéﬁ{‘g@?fgas%% drtég rg]rsir[stant t han
un-transformed cells allo el ect ] RYHstresd smiHSef Noeersélds with the
cor r espondithaj tefrldgR COHARS Yﬂﬁﬁf%eicg%tﬁsog&gmas‘ a sel ection tker, idt.can be
used for enarnif\ﬁg Qffull TRpSIRINE trasetipts, ihdicaging gt rePEPHR Vivo “sel ect i on
to maintain the effectiveness of the ve benN ADusRttagiundd dellnow be
further desgznb1be¢$&\¢$¢b1?-e$‘§+ﬂéeﬁ’ﬂ:gk’% ?Pa}yﬁlé%gé}o ow ng non-limting exanpl es.
Exale 1 To roﬁ Cecé/%cetdg{ 10£§%iﬂahﬁp&wmﬁrewmM&m&ﬁ?@d\ﬁ%eg& Ened from
M 36L (SadeV&i e al’. " Proc. Nat' | Acad. Stg#. gUSﬁ) grtzlémrggggdt%gfgngeag%))
into | entivighpd expeasd sire forRielvee!r, (irigeteg Paidhc BPVIUNE Ur e "15;  871- 875
(1997)) replacing the CW-LacZ sequence. pHR eGP was constructed by
replacing LacZ with the eGP sequence (Contech). Viral stocks were
generated by friple transfection of the reconbi nant vectors pCWORS. 9
(Zuffrey et ?{"—.%Lﬁnd PMD. G in 293T cells as_previobslysdesantkeditha Dul |,

et al., J. Virolo inifzstlgg@fihﬂ@s&‘ﬂ@(eﬁlg@‘% ?m%sg&ﬁgéé%t ypI(Jad Viri ons%ﬁ/ver e
concentrated by ultracentri Lonw: kesuspd Rie mdd NS inetME-88'Sdescr i bed
in Gall ardo&t faﬁ“??&eéﬁ‘gl&g‘h?o&@ﬂ% DEC 2 005 -7 952-957 %‘%%,[%%Qasufegrt

conpar i son, 1RFNoidiAsksa anbl inglalobEL-40 ¢k F&H‘@EFW@H}P . except that the
LCR contains only the core portion of HE4nsdNeddtMEL oelisbl ot

anal ysi s shivied é/gﬁ!MELéﬁéftlﬁQweﬁe?cgnogggﬁéF%a%i i c?ati ng thaf the

reconbi nant | eng ulbwohgd]:g,lgﬁﬂﬁglagﬁti@i; ndsscbiod by SR foe ANIPGICNANELGSi s on
genom c DNAYFom transduced cells, di gested once |H3P%a§.h | ong term nal
repeat (LTR)priesithbtsniesl i i hgnen bEhyrdBPRISHANTREY ot he expect&% si ze
for the vector, [ndicati E@Cdﬂﬁl @¥h b inStIuERuU, 8- TS AGCTAahBdnged.
Exgp le 2 T@Tq:\%ég@%}’fe&%ﬁé tissue (g{)ec'ibfici ty, stage specificity and
expr essi on |@xeEARTAATEATCTG-3Y). Vector copy number aad integration site analysis W

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 -
using hexamethylene bisacetamide HMBA). Human B-globin (p*) and mouse P-globin

transcripts were measured by quantitative primer extension. After normalization to

globin transcription, transduced MEL cell pools were differentiated

vector copy number and to endogenous B-globin expression per allele, human p-globin
levels were 14.2 = 4.7% for RNS1 and 71.3 & 2.3% for TNSY in pooled MEL cells (Fig.
2a). MEL, Jurkat and HIL-60 cells were transduced with RNSI, TNS9 or control GFP
recombinant lentivirus. Buman B-globin RNA expression in HMBA induced MEL cells
(grey bars) was measured by quantitative primer extension and normalized to mouse p-
globin RNA. expression per locus. Expression was then normalized to the vector copy
number determined by Southern blot. No human {- globin RNA expression was detected
i1 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
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vect or - encoded human B-globiri gene, we transduced RNSI and TNS9 into MEL
cells, lyrriphoid Jurkat cells and nyeloid HL-60 cells. Cell-free viral
supernatant was used to infect C88 MEL cells in the presence of polybrene
(8 Exg m'). Transduced MEL cells were subeloned by limting dilution, and
screened by PCR for transduction30 using priners thawwg%@e human
3-gl obin pronoter sequence (PPS, 5 - GICTAAGTGATGACA Al and in
HS2 (C2A, 5'- TCAGCCTAGAGT GATGACTCC §ATCTG 3'). Vector copy number and

integration site analysis was determ ned by Southern. bl qf; Qnefrysk$g-
Transduced NEhowigbipfessnavas dda@e@lﬂt@n'lﬁﬁdlc%ﬁ]éfﬁioﬁ“@a%i%}a";ﬁo chfdurgZ ?n 5 nM

NN - hexanet hyl ene bi sacet an de (H i riatd10 rdgnthiegicn Sergh obiisue

_transcri pti andicatipgHstirad: @Eﬂg@eépgggg%géva\g@%di f?erggnti atllﬁcg ua%pg

hexarmet hyl er,lsee(%aﬁeq,ﬁ& aicQe divRAYiatiddl e geegitedvi PanglDAMEIN P HBIER M3 gl obi n

transcripts Were rmeasur ed by quantitat.yve %ﬂlw oSl SRR expietsin

nor mal i zat i aarrted a singleteopy ebfthentaTg fo ARPES" Endogenous 3-%}2 in expression

per allele, unﬁgdﬁg%gﬂ;m\ie?wd LR REdRIcAHvit INFYpdttor IRNENS Ik 171, 3 2. 3%
ce

h
for TNSO in GRHRS s (Fig. 2a). MEL, Jurkat. and. H- lls were
transduced Wekdk SRNS irkreaSdNBP* erprotsinn pst o of f‘%‘élﬁ]i?ﬁ?eﬁ%ﬁl&faé:h?l?gfl Lr%gs . Human

3-gl obin RNA expression |n i ndu QD?ME% ghicSubd@tedbyhimtitne dbsioneasur ed
by quanti tat¢’§?€ﬁsﬂlﬂ$h‘§?a‘bé(§]é"ﬁ_‘g$%anas§%%ﬁorna |H§ed tg nouse ( 3- gl Oagi n RNA _
expr essi on pﬁ{méageﬁ%ga EXphesshen avasing herbimoowaids faurelle CREMPESTDr  copy

nunber determne out hern blot. No hunan 3-gl obj n £85bON Was
det ected i nint@retion dixsed pVERCHHYAERS AU - ?E%RE&P"‘B%?{ e beg)ré%r or gHL- 60

cell's (hatched bars).. .indjcati gl Bbkwo SR SShomtwitn@Nilhr oi d- and
di fferenti at b@ﬂ%a%gﬁpﬁvgpei%gﬁﬁgn%ﬁ&g%emc 2005 -8 P-gl obi n _expressign was
detected in ponijduhiee dielEd medsurdbidt huawed BrElog trarsenRls(ECPI28) 0 20N At i ng

i ssue  SpeckHBIalaarErad SEF BT e A e e e hanel of
MEL cel | clones ol 18k 8he?%re§(5&?es . @eﬂgﬂ,@ﬁﬁgw_s@ﬁls@bxm@sed&egh%llevﬁ]@ ofli sti ngui sh
whet her the Kncreased expression obtained in || -treated Mel.cells
transduced Winidhad N§Sbirathhedidtthesn DRSS RN H:0! FYRBPC8R i ncr eéase in 1A
expression per cell or. of [ e ' it 3 bipdisieh acahd@n expressing
human p- gl obiﬁﬁ.dmgf%ﬁ‘é’&ﬁ?&@dﬁ%}%ﬁ&g@?ﬁzgﬁa%?gﬁgﬁ%c oned by limting dilution

i medi at el y qlfltgggﬁgr{ﬁgeﬁi%ﬁihﬁwsedaﬂmimﬁ gSamsetdsi as t owar ds favourabl e
chr onosomal

Example 3
Quantification of human f-globin mRNA

Total RNA was extracted from MEL, Jurkat and HL-60 cells, or mouse spleent
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 f-globin (5' -
TGATGTCTGTTICTGGGGTT GTG -3, with predicted extension products of 90 bp
and 53 bp, respectively. The probes yield products of identical Iength for p™4, p™°, p°
and p'. Primers were annealed to 4ug of RNA and reactions were run according to
manufacturer’s protocols. Radjoactive 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 .
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I ntegration sites as produced by drug sel ections. The proportion of clones
expressing human 3-globin varied significantly between the two vectors.
One out often RNS1 positive clones yielded neasurable human P-gl obin
transcripts, in contrast to 12 out of 12 for TNS9 al so expressed hi gher

| evel s of human [3-globin than did those bearing RNS 1 (5 < @Coﬁﬂ Fi sher's
exact test). Cells bearing TNS9 al so expressed higher le QIE q%Jnan
[3-globin than did those bearing RNS-2-(P < 0.01, W/l coxon rank sumtest).

These findings established that both the |evel and pr N of
expr essi on gt-pCRA ofsluck meagreltin bansMEEEY Géa%la?f%t}i%é’éeég"\%‘mg@gd 1{“hs‘téf%{a"rrng vect or.

Exam | e 3 Quantificatian of hu - e ATRNA RTA admRBAInMss. @xnd act ed
f rom MEL, Mﬂ(‘ﬁ?feéﬁﬂﬁqqﬁz%]do&q‘i@@ og)?an%g&geh spi een and bl god, usji ng TRl zol .

Quantitativg pr N siRessias saygraeteetmeer oaiyrgd npenaliped Weh® Ext ensi on
Syst em AW %e@eﬂr%g@%ﬁgﬁ%t ase i?é? Prar nega Il\é\f.eéhh%ﬁi%gﬂ’ﬂ GALRn

end- | abel | eshdpgdnmay wansqmti @POURERE PEMOTPETEer TVEd huran [ 3- gl obin (5' -
CAGTAACGGCAGACTT - 3 iond GLladbinR VA (Fup TEAPGIEESTPTCTGGGGT T
GIG -3'), ﬁ?ﬁcrﬁg%%%g%gﬁgdeisttgﬂg?%%ﬂa?odu?tésp[mof_ 90 bp and 53 bp,

respect i vel pflekapsahite basrityitioh df yrotatroeasledfansg@hiti cal 1 ength for lima',
(mn, p5 and [3. Prinmers were annealed to 4g of RNA and reactions were run
according to nanufacturer's protocols. Radioactive bands were quantitated
by phosphori.13 Ble 4 @anal ysis (BioRad). RNA isolated from A85.68 nice24 was
used as pos € control. After correction for V%ri rrecg I@%%I&Anggmwe human
to mouse RNA si glainvesigate the fndropef thegariasdp By FRREsred eXperi nents (n >
8), in agreenment with previ Lndi BASEAm feid, BihRECirRaAkd-reciRFAPCR2.
Val ues neasHPEHES PARHBHE™ e'}l?(%&h%t%ﬁ%iﬁél%hat %re ob%ﬁned%\& gepar ate
runs were standaseioZ ashe ntarfoewasallushediem itredemning of frefo AGSVEE ORNAY anpl e. I n

Figs. 2 d 3c, d, _h . (3-gl ohi ' ' A2
and nor mal | £638L G RBO-RAGPERSL-PraNRED PRt B e SRR Re of copy

endogenous %Uﬁs;?%ﬁieéyk ggf;h%ou&%%l ((Stharxﬁdcﬁ.mSmthkgl Body wagd) tRefieas t he

](c:(r)ﬁﬂ’ : glrjlt im(c)lﬁ:ag:fow&m wgreemsmaedlect in;;glgril‘rgﬁHrggéd?qrg ag%g%pé%%nte{de\;&heﬁ}—laaaﬁm ute
ng ml™), IL-3 (100 U ml™), IL-6 (150 U ml"), Kit ligand (10 ng mi'") (Genzyme), B-
mercaptoethanol (0.5 mM; Sigma), ;-glutamine (200 mM), penicillin (100 TUmi™) and
streptomyein (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 JU ml™) and streptomycin (100 pg ml
1), and cultured for 6 h. Transduced bone marrow cells (1x 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 chjmaeras,.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 hasmoglobin 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
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To investigate the function of the vectors in viva, we transduced énd
transplanted nurine bone nmarrow cells w thout any selection in syngeneic,
lethally irradiated recipient mce. Donor bone marrow was flushed fromthe
femurs of 8- to 16-week-old male C57BL/6 or Hob ' r} nm'' (Jackson _.°
Laboratories) that had been injected intravenously (i.v.)23day0®ariier
with 5-flurouracil (5-FU, Pharmacia; 150 ng kg' body weight). Bone nmarrow
cells were resuspended in serumfree- H:di um  and suppl emented with IL-1a
(10 ngmM-"), IL-3 (100U M-"), 1L-6 (150 U ni- ' Lgand (10 ng ni)
(Genzyne), deBs ambrudivt evtehemrndeg by W%?ﬁ%ﬁ“ﬂ?%‘i "6&%‘1}%’8 (200 mV) ,
penicillin (100.1U ni:" L SR O Sned B9 8o@herh blot analysul Ther ed for 18
h. Reci pi en‘%‘ eﬁ{aggn{aaﬁe_m %g%@gg%ﬁglﬁ_ol d “C571BL6 or Hobt1 mice) were

i rradiat ed gidibn 40ddncOpNAslative thosapientwas desropyd BisErune gy RP-s

transpl antation. Bone narr Qw l.s were apshésaespgnded in
serumfree therblot wbednt bt ﬁ&ggiﬁq(?é% °° ?cgfgé ‘iog?]l'tgﬁ,vi ral supernatant, and
suppl enent e ﬂﬁagﬂngm MRHEARnoUsGBouRt band, Rad@hettva brange V\(emﬂﬁma}edrpé(ni cillin (
100 TU m -") and streptomycin (100 M an Cq'ﬂl#Hrled-t‘;%b&e%agv@md“ced
bone mar r owlesphsinfaexanlysis.opers fmy m‘?f@?‘ﬂyf RO nject ed | nto each
of the irradi.ated nal Lpi L9 168ddaR iteh vt t ger g RiPURoNng- term
bone mar r ow ?Fﬁ%&?s“feerse%f%g{gﬁs@gﬁ?l 11IBn shor%-ter m st udi es, spleens were
removed 12 giiad ieArhsIROSHNADhatnitorkit Roebe)r act  total RNA and genomi ¢ DNA.

To monitor |long-term chimaeras, ,{wo O I R - afiuh®od were
col l ected every XB‘HOW@@K@IT“P?&H‘Fm%é'égﬁmfg%ﬁ%&%%ﬁé%ﬁl%&eand g
haemog! obi n YT, £XLEAGH Bl TsBAAR B REEEh ~BUDCTNEN(T o1 Vg iond
ong-term animals, erythroid cell populations were glurl fi edsljgr

om spl een.
Si ngl e- cel | pouSRERSY 0RVecwe pepy mICTenwaRsessad by APUtAFT PO ARANSISIE TG

nonocl onal anti bod Phar M ngen).. ee i 50,
Dynal Inc.)%@OEg@éfH)WBeqpﬁ a@%ﬁ’?‘ﬁ%&‘ﬁ%%@? 2&65%?3&%@59% _ quggtgléwpﬁo cells
and purifi ed, a8 8conFRAMsRodYellsh@cdsard hadddicatly for\Bdoteoks Eipyh.rbom
integration pattern and chinaerism were deﬁgr nqged (té%/i_%o tvréear Qvgétc?rt _

anal ysi s. Theghly efficienteametangtn sith bRtk veeloms(l §& 4 21ET Bileht “IH S "det er mi ned
by stri ppi ng and re%fogi n obiﬂl&gn%ﬁ tlew)’éjlstil a2 T0-J0bs AETRnkaRehd @ehcpinabe _

speci fic foP°RRePFe one and - normalizing to an endogenous nouse band.
Radi oact i V%pbﬁétﬂ SToREss Gramsatipticaibabtiviy pqyvog ptRoPY. TG StaR fransc’qiF 5 from

five randonly selected |ong-terra bone mar.r Ghi Teeks+af ter
t r anspl ant a@P®M§eTESPEARRY éﬁefwaf‘tbﬁ)e%l—’ﬂl 9901?89%}9}%% %%%&0?19

spleen cells. Twelve days after transplantation, human B-globin expression per

endogenous allele, (Fig. 5a). Twenty weeks later these vajues were 0.5 £ 0.1%
(significantly ower 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 RINS1.

The levels of TNS9-encoded human B-globin could be produced. Haemoglobmn
tetramers incorporating vector-encoded human B* and endogenous murine ¢-globin
(designated FIbb™) 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 (Y AC) encompassing the entire human p-globin like gene cluster™®

showed 14% of their total haemoglobin incorporating human 4. No haemoglobin




using the Anplicor H V-1 nonitor kit (Roche). Vector copy nunber and human
[3-globin RNA transcripts were neasured during a 24-we2i PEC 35 n ni ce
transplanted with RNS 1 (n = 8) or TNS9 (n = 10) transduced bone marrow.

a, Vector copy nunber was assessed by southern blot analysis of genomc

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 (Fig. 4), showed highly ef fi ci Ent gene transfer with both vectors

(1.8 * 0.6 and 0.8 0.6 average vector __copies.per .c . k31@brhi n
transcri pt tétﬁy@drmdnmimihghm@am%‘%?fﬁﬁ’@ésuéﬂ? g OhES é?r@ggét | %%RNper(i od. To

assess transcriptional ti Vi I [ofSiRMe p&iphadyblsodited cENA
transcriptsnSwwdﬂW@3P8P3§%%§°%%é@§F“ ?gﬂﬁhantifFeéﬂjn Foole Q§F-812 and
in erythr Oiegpfggé%lé-]l}%ﬁan Splaerveelit sostTEMed SpEoHCRBIt RSP antat i on,
human P- gl obf n expressi on per dogenous .al - L QrafR@vith RIEEH-y weeks

| ater thes eiuahmi@glg\ﬁéh@m@% @Aa“éi%%'?%sﬁ@ﬁ?l}tﬁééa%ﬁﬁer%%&v%? than on day 12, P =
0.02) and 15 .8 ucgg:gg I BSRRE toweh Yighf BuiaBb fractichh ebecakdntitings PeStaBIF shed
that the | dF98¢ %ragnents i ncreased gl obin_expression in. Miv@eand,

furt her nor ey 1Eﬁnﬁﬁmmhﬁmggﬁﬁﬁﬂﬁﬁf@“WE@P%Paﬁ?mg F TPRRSET Pt ona

silencing than iis RNSI,. The | evel s.: INSQseprcodedn bubigg d@Ygbfobess coul d be
produced. H&@ﬂﬁ@f%ﬁﬁﬁgkpgfpg%%¥lqﬁ%&%&%%&?t?ngceector-encoded human RA and

endogenous ﬂﬁ&hgﬁﬁﬁthMQﬁhméﬁﬁﬂhﬂaatEd Hbb1") were quantitated in
peri pher al ood red cell lysates after cellul ose acetate gel
fractionation. Hob'h' levels accounting for up to 13% of total haenogl obin
were found 24 we K; after transplantation (Fig. 3e, ‘Table 1 in
Supplenentaﬁ?ﬂgpﬁ¥ornation). In the sanme assays, transgeni ¢ m ce bearing
one copy of a 23@0&gmyaa$mnanHSCsm@aﬁnmﬁh@ﬁb§8ﬁ§ﬂﬁaﬁ Fe‘ﬁ@8Wbassing t he

entire human 3-globin |ike gene cluster.2 %:pf afteheir tota

haenogl obi nﬁmﬁpgﬂmwwa%&rﬂ@%?gﬁ%ﬂ PBK%”W\ES“H%%‘%%Q’?%%?%@ 8 _[SElEC 2005 -11

tetramers C&%&ﬁmd}%mhff@@w%ﬂdfmm reask Wetcreadily dmycted ing dlesepAmdabear i ng
I'n Su

RNS 1 (table ppl ementary Infornation). The proportion.of. -nature
peri pheral ldcfisients &8 weekslager tanpanaliong Hm@-@%ﬁﬂ esé&é‘\}‘éats g{%llﬁglrr%%@? TNS9

bone marrow chi naer.as ho Ul Tt aidRisAd yehsdeennf Hisamd TER- 119.
I n contrastFHEWWWQ@FSETgﬁ%%gﬁ éﬁg§?¥ﬁ)RN§éf- transduced hone . marrow showed

hi ghl'y vari abl@midiastihenatiof sieeakyses.sSaitmnnylopmalypiesias PHE™ER PFhr ocyt es.

Nornmalized to the fraction of circulating iV -nositi | s,
t he genomic DNA isolated from bone marrow, splecn andqum&s of SedTRiMHY BodblarERt

transplant recipients collected 13 weeks after transplant (one representative RNS1, and

two representative TNSY 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 B° -thalassaemic
heterozygote mice that lack a copy of their b1 and b2 B-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 couni, reticulocyte count and haemoglobin level were markedly

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




| evel s of haenogl obin containing | entivirus-encoded cA were on average 64%
of those obtained in the YAC transgenic mce. Examle To ascertain that
true HSCs were transduced, we carried out secondary transplants using
marrow fromprimary recipients collected 24 weeks after transplantation.
The TNS9 and RNS1 vectors were readily detected in all szceoggztr)s 5

reci pients 13 weeks after transpl antation. Human 3-gl obifi’e reé@q on was
mai ntained in all recipients of TNS92tr ansduced marrow. The successf ul

transduction of HSCs was . .confirmed by integration site analyses. Southern

bl ot anal y¥F% TRECHEFIBrHE M Rerigierd Rood et sbthimaserstbeanasBhdNSar r ow,

spl een andyfdymegnRh1 HRE ARBIN B ARG LB OWNne LABRRERHank REPWERRS cOl | ected
13 weeks after transplant (one representative RNS 1, and two

r epr esent avéoie RSN ethondd gxgen flagrspeairoteind¢Prnt sensainedsievszely. Two

endogenous__ hands are.found in the. genom c of . C57BL/ 6 _(B6) m ce.
Exanpl e- | a7 ew of g’?ﬁ%’%ﬁf‘% ln?nel%/aéqeggbera&?%@?@@&?}}mﬁﬁ’ﬁf)@a'e&%ﬁe extent to

whi ch the #M3% seblich therdetett ofolis@@ingtthempllene bpReOwith TaiSasaaenideedcel | s
usi ng 430 -thal assaem c heterozygote mce that |ack a copy of their bl and

b2 (3- gl obfhsragewically I95ER3I | )21 These heterozygotes have a cli nical

phenotype sim |l H%Era%gf ;a0 Dt i q%xgg i hroni c
anaem a (haenatgiézﬁoft?n -3 gét%ﬁﬁ%ﬁ%@%@ﬁﬁ%@%@ﬁaﬁsﬁ rég% an(%&niacf:f)gs in red
cell size y(@brsecyngsnal)s dfvdied by pie: re@otkndnd eyt vsissiryikg fie egioieeks: af t er
transpl ant at | wi th unsel ect ed -tr duced., Hbbt h.'+ bone marrow, the
honat ocr i 10 eGP B R S Gn N e 1R L B b e EBaRen Hr e

haenogl obi fheta¥lc ra@iee THRhigBEH ¥ prebdid EBtaeed Wit TNSO dptpaddd HiVRNEe&api ent
mce (Fig. 6). Anisocytosis and poikilocytosis 2 8 DEC 2005 -12 were

mar kedl y rededated with aeehgeiictpre paperivissivd inemation siss le Mifaetagndear i ng t he
TNSO  vect pr. . Qonkrole TG o ranaplankad with HOBLNSL s hone, mcr ow oel I's
transduced Wt H & vecl} or gnco I'ng <€n anced green RIS protein
(eGFP) al | RNSIEkRieH caaves Rbdker dARaRBT, Gildidedovr tifnk Ghe@)s FINEO rebdifddai ned t heir
abnormal red_ cell norphol ogy. These results establish that |evels of

ci rcul at i ngpdiaBwge GBRsqipEAng) s NR e thrRaYe e actioiqed dp secpiieBpeut i cal |y
rel evant. Jhe,combiipedisef fect of the high efficiency of gene transfer and
t he absence olr3

Higher levels of murine o.,: human %, 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 (-
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
B-globin over human B-globin in associating with murine «-globin®. In thalassaemic
patients, added human $-chain synthesis would improve the «:f chain imbalance and
thus increase red cell survival and ameliorate the ineffective erythropiesis in these
patients. In patients with sickle cell disease, transduced * 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/B-thalassaemia whose HbA represents
10-30% of their total haemoglobin are very mildly affected™, the clinical benefit of such

an mtervention would be highly significant.




vector rearrangenents afforded by the reconbinant |lentivirus carrying the
(-globin gene and LCR configuration adopted in TNS9 yi el ded | evel s of
human RA expression in the therapeutic range. The hi gher expression
obtained with TNS9 conmpared with RNS1 was associated with a higher
fraction of permssive integration sites in MEL cells and a higher
fraction of human (3A -containing red blood cells in bonggnag g@ghinaeras.
RNS 1, which carries a weaker enhancef3-silenced over ti TNS9
retai ned undi mnished transcriptional activity over the same tine period
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week ol d mPEVIrdSTETEtHH a%ﬁlpﬁ@m%‘ie@ with ¥ gy H‘Pbﬁ’i%‘ﬁ{s\i@@@s 8M0mMhor at ori es
W Th 5ot 1 up et o e R B B e b R AT s G ol B i 1
( Pi scat awagyltuxgd. fOBﬁ)helrsréﬁraABdnocébd)ma marey cals tﬂS pﬁﬁﬁeete ten injected IV into

each of the irradiated female recipients to establish bone marrow chimeras. Recipients

mice (11- to 14-week-o0ld 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 &,: hup”;) or murine B-globin (Hbb ™,

mue,: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 p-globin-like gene cluster™ served as

reference, showing 14% of their total hemoglobin incorporating human B* and 100%

BA+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
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fromSigm (St. Louis, M), 200-mM L-glutam ne, 100 11U nL penicillin, and
100 ig/nL streptonycin. Bone marrow cells were ten pelleted and
resuspended in serrumfree nedi um containing concentrated Ilentiviral

super nat ant and suppl enented with 8 -rig/-nL pol ybrene (Sigma), 200mM : -
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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 correction 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




obtained. To investigate whether Hbb h, production would suffice to teart
the anemia, we closely nonitored henogl obin paranmeters over 40 weeks. The
mar ked increase in henogl obin concentration, RBC counts2 8aB&(hepgst ocrit
was sustained throughout this tine period. Control mce that received
transplants of eGFP-transduced Hbb"' bone marrow cells remai ned severely
anem c, indicating that the transplantation procedure itself did not alter
the anemic state. The reticul ocyte colnts decreased to 5%to 8%in TNS9
treat ed-chhggm , conpared to 19%to 21%in control eG-P-treated Hob""
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that of slpeen fromcontrol Hobth3'+ mce. Specifically, the red pul p was
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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 liver and heart, stained using Gomori iron stain. No iron depositibn was seen
in the livers of normal Hbb** control fnice, 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. 13




nucl eated RBCs, reflecting major expansion of the red pulp and erythroid
precursors. In TNSO-treated chineras, the anmount of red pul p was

consi derably decreased, accounting for olny about 50%to 60% of the
cross-sectional area. In addition, the nunber .of nucleated erythroid
precursors in the red pul p was decreased. Ot her i mmature eHEhOEOi etic
cells were present in the red pul p, but nuch |ess frequenz:&/ adllhn t he
spl eens of control Hbbth"+ thal assenmtttm ce. The livers from TNS9-treated
chimeras were simlar to those of the normal control mice in that no EVH

was det ect dikanmiple 1tontrast, livers frommce engrafted with eG-P-trasduced
Hobt h3' + bone marrow_cells s er foc

wed seral smal | . of intrasjnusoi dal EVH
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accurmul ation was found in the heart of treated or control mice, as
previ ous| y mibseovditioned witfobiselphauraimethapaéh gohmp-inrpbitmssoaireatadddaily cont r ast

to what is. foynd i. n. dise - 3 2005 - le 11 To
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and DHFR- engeghifiehi\va GF @hSsdutbdanaomaaas ecliv (TMITBENeayent; (e8Biosdigicay
aritifolates the following alternative protocols are used, .In protocol 1,
the reci pi eMdT¥iMethpirexate égféﬂdlﬂ@i; frgmurzeg p; NBMBE-L (NiFppeRfomosgFKg) and
NBVPR- P (20 | E]ﬂ b f - LI St:Eat § f3 &Le@ansduced
bone mrro&%ﬁ?‘%@psﬁ\%&g ocoIS&g?h?%r%npgg?Sﬁ%gﬁ%r &%Eeﬁalr)%%c?] rBeIStHZd daily for
5 days wit hprihMplé thd Grogt dgictiae grodBvPRR-1R re@Piens Ko not stadiatddrgd Gurthaeeks aft er
adm ni stration of transducegﬂbone rrow cells, ln prot Q¢ lwﬁt%’a t he

t

recipi ent T EeACLBHBRA L PEREEP o CIFOBHLI AR 1At A=Y PFFa
game- i rr aqL@fiéPmiRECohBRBhBE réhéconsisting 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.:
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for 5 days with TMIX (40ng/ Kg) and NBVPR-P (20ng/ Kg), starting 4 weeks
after admnistration of transduced bone marrow cells. (TMIX (Neutrexin; US
Bi osci ence); >MIX (Methotrexate LPF Sodi um | nmunex); NBWPR-P

(Ni trobenzyl t hi oi nosi ne 5'-inonophpsphate disodiumsalt; Al berta

nucl eosi de therapeutics). Protocol 3 is in principle thezgoat attractive
protocol as the recipients are not irradi ated and further&®r ECnﬂmStreated
with a "nmyel oabl ative conditioning reginen". They are treated with a
relatively mlder conditioning reginmen consisting of a "non-nyel oabl ative”
dose of Dbusulphan. It is hoped that,.1vn conbination with "in vivo

sel ection" nediated by DHFR/ TMIX, the recipients could be satisfactorily
engrafted wi thout receiving a harsh pre-transplant treatnent. This would be
the way to go for treating subjectscmhiNlg severe henogl obi nopathies. 2 8
DEC 200 -17 CLAIMS | . A reconbi nant vector conprising: (a) a region

encodi ng a functheadnthdntlRrRe@ERgn..and (b) portions of the f3-globin

5o enof . b 'O%Pﬁ&%sgj&ﬁw%@%f%ghy%ﬁ&ﬁn?&842 1309 b O
fragmept e ofy, q%%rneenge 938%;' ORif legup fong r@é‘fﬂﬁl"‘fhf'@s“ﬁﬁiﬂt@ﬁ@ﬁﬁ@&@s and a
1069 bp %raéJ ? Hen ?%ﬁg@%@%éw@%i resisigtigasitds, & B¥9rtipct i on
sites, é\ Jetp o FXERY0s BytgereN ek adopamIgh regrighiositites aivkm 1 069t bpolagmeit i nt o a
manmal XT3 §Xigiding betwesndBAMEH grd BenlE resirietian sifesr saevecroppridinnexpaessioise PGK
pr omot ¥rP-glghiarvdien intrrducerbintoer IR@KMpt toer  control s the expression of the
regi on encodi ng a di hydroflate reductase. 3. The vector of claiml or 2,
wlhe rein agsgéd% obilite \@ageomlefurgtmﬂﬁ%i@ OBRbolise PHEK ‘p'fﬁﬁnaf&g{vﬁ_ére@lfth@?yl of

cl ai memdus3 PG prodiotericbgtrsls the Gk pleedicH & thefYrhassodie Adi olate
reductase. 5. The vectog of clg%n:4, mheggin thenﬁhnﬁan?ﬂ?gg%?éﬁgge
reductase i a N ' i - i ce to antifolates as
conpared to mﬁIq-tyggéﬁﬁﬁgﬂhgﬁﬁvg9@?%ﬁgﬁgﬁﬁ$g%%%Fg@%{e%%Fnrﬂ% %&P'form
Feduct ang, b a raSEROEY BT SERG ForurER LB BTG s thanh 5
mhereﬁﬁﬁ¥mggg%ﬁ“3?“%ﬁtations conprises a mutation at an amino acid

corresponding to amno acid 22 of the wild-type sequence and a nutation at
an amno 3 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 hematopoictic
progenitor or stem cells for the treatment of hemoglobinopathy in a mammalian individual

suffering from a hemoglobinopathy.

8. The use of claim 7, wherein a selection step using an antifolate is performed ex
vivo to produce a population of cells with increased numbers of transduced cells.

9, The use of claim 8, wherein the antiifolate is methotrexate,

10. A mammalian hematopoietic progenitor or stem cell transduced with a
recombinant vector according to any of claims 1-6.

11. A method for making a therapeutic composition for treatment of
hemoglobinopathy in a mammalian individual, comprising the steps of preparing a recombinant
vector in accordance with any of claim 1-6, obtaining hematopoietic progenitor or stem cells
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acid corresponding to amno acid 31 of the wild type sequence. 7. Use of a
vector according to any of clains 1-6 to transduce henat opoietic

progenitor or stemcells for the treatnent of henogl obi nopathy in a
manmal i an i ndividual suffering froma henogl obi nopathy. 8. The use of
claim7, wherein a selection step using an antifolate is ?eq:bmg&x Vi vo
to produce a population of cells with increased nunbers o S d
cells. 9. The use of claim8, wherein the antiifolate is nmethotrexate. 10.
A mammal i an hemat opoi etic progenitor or stemcell transduced with a

reconbi nant vector according to any ofi8elainms 1-6. 11. A nmethod for making
a therapeutic conposition for treatnent of henogl obi nopathy in a manmali an

i ndi Vi QAL e GOmRhSINGd HRaIS hiepsaneludzapacéingyith the coniibmanitveclpect or i n
accordance with any of claim 1-6, obtaining hematopoietic progenitor or

stemcells 2.8 Er he inb @ dtdpdiNpectumhing amelr tik@nsduci ng
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t he cell I nant vector e nethod of claim 11, further

er
conpri§F%§“?Wﬂ9?ﬁ%ﬁfﬂgﬁﬁ%ngorning an ex vivo selection using an
antifol ate.




