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Gene transfer for B-thalassemia requires gene (SIN) LV vectors resulted in higher and less variable
transfer into hematopoietic stem cells using integrat- expression of human B-globin, similar to the observa-
ing vectors that direct regulated expression of B tions with cHS4-containing retroviral vectors carrying
globin at therapeutic levels. Among integrating the human y-globin gene.The levels of B-globin
vectors, oncoretroviral vectors carrying the human B- expression achieved from insulated SIN-LV vectors
globin gene and portions of the locus control region were sufficient to phenotypically correct the thalas-
(LCR) have suffered from problems of vector instabil- semia phenotype from 4 patients with human thalas-
ity, low titers and variable expression. In recent semia major in vitro, and this correction persisted long
studies, human immunodeficiency virus—based term for up to 4 months, in xeno-transplanted mice in
lentiviral (LV) vectors were shown to stably transmit vivo. In summary, LV vectors have paved the way for
the human B-globin gene and a large LCR element, clinical gene therapy trials for Cooley’s anemia and
resulting in correction of  B-thalassemia intermedia in other B-globin disorders. SIN-LV vectors address
mice. Several groups have since demonstrated several safety concerns of randomly integrating viral
correction of the mouse thalassemia intermedia vectors by removing viral transcriptional elements
phenotype, with variable levels of ~ B-globin expression. and providing lineage-restricted expression. Flanking
These levels of expression were insufficient to fully the proviral cassette with chromatin insulator ele-
correct the anemia in thalassemia major mouse ments, which additionally have enhancer-blocking
model. Insertion of a chicken hypersensitive site-4 properties, may further improve SIN-LV vector safety.

chicken insulator element (cHS4) in self-inactivating

Hemoglobin disorders were among the first diseases fthre host genome. Hence, they have been widely exploited
which the gene therapy was envisioned. However, the coas vehicles for gene therapy for diseases requiring life-long
plexities of the globin gene expression and regulatiocorrection in the progeny of HSCs.

made this a formidable task. Making gene therapy a thera- The secondary murine bone marrow transplant model
peutic option inB-thalassemia requires: 1. efficient, safehas been used to assess gene transfer into the HSC and the
and high-level gene transfer into target hematopoietic stdongevity of gene expression. In this model, murine bone
cells (HSCs), 2. regulated erythroid lineage-specific expresiarrow stem/progenitor cells are subjected to gene transfer
sion, and 3. therapeutic levelsf®flobin gene expression. followed by transplant into lethally irradiated syngeneic/
A variety of non-viral and viral vector systems have beetongenic mice. Three to six months later, marrow from these
tried to achieve this goal. While viral components in somgrimary recipients is transferred into another set of lethally
vector systems, like the adenovirus and adeno-associateddiated mice (secondary transplant). Mouse models of
virus, can evoke an immune response to the viral proteidisease are very valuable in this regard, such gstiedas-
from the host, non-viral methods of gene delivery causesamia intermedia mice. Additionally, xenotransplantation
relatively low immune response and can deliver relativelgf transduced human bone marrow progenitors into highly
larger sizes of DNA than can be accommodated by virahmune-deficient mice, such as the NOD-SCID an@the
vectors. But they are limited by a low rate of gene transfemicroglobulin null NOD-SCID mice, have been used to
a low rate of permanent integration into the host genonassess the therapeutic efficiency of the transferred gene into
and poor long-term expression. In contrast, natural virustee progeny of highly primitive human hematopoietic pro-
have evolved over millions of years to equip themselvegenitor cells. Although, the short life-span of these immune
with the ability to enter, transfer and express viral genetieficient mice restricts expression in human HSC progeny
information in the host cells. Retroviruses reverse-transcrilier 3-5 months, the information obtained from long-term in
their RNA genome to DNA and integrate permanently inteivo analysis of human cells is ultimately used to assess
therapeutic efficacy and is the most relevant and critical
preclinical requisite to gene transfer into humans.
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has provided important insights into the elements essamerous deleterious sequences in an MLV vector contain-
tial for expression in globin genes in vectors: ing the core LCR elements HS2, 3 and 4 driving expression

1. High level of globin gene expression requires distalf B-globin, showed stable transmission in the majority of
locus control elements: Expression of huriaglobin gene mice, but low and variable expressiér8) We have at-
driven by an interngd-globin promoter within a retroviral tempted to improve expression from fBglobin cDNA,
vector is very low. A high-level regulated globin gene by including viral elements that would replace the func-
expression requires presence of a series of distal control DNAgms of the globin introns and show that the woodchuck
hypersensitive sites (HS) in the 21 kb of DNA upstream frofmepatitis virus post-transcriptional regulatory elements
the B-globin locus, the LCR, that plays a role in maintainingmproves expression by 5- to 10-fékklthough levels of
the3-globin gene locus in an open configuration to allow fo-globin expression were still subtherapeutic. In summary,
high level expression of the globin gefiés. efforts to impart stability to th@-globin mRNA in MLV

2. The LCR is too large to be incorporated into oncorectors by modifying various ‘instability elements’ and
retroviral vectors; therefore, small LCR fragments, consis&dding RNA export element vastly improved upon previ-
ing of 200-300 bp fragments from the HS, containing onlgusly reported results, but were still suboptimal to be of
the core sequences have been used. However, inclusionhafrapeutic benefit.
the core LCR elements into Moloney leukemia virus
(MLV)-based oncoretroviral vectors leads to low levels oRevival in Gene Therapy for Hemoglobinopathies
expression that is prone to position effécttnclusion of  with Lentiviral Vectors
larger LCR elements in transgenic mice results in positiohV vectors, derived from the HIV-1 viréihave several fa-
independent, copy number-dependent, high-level transgerarable features for gene therapy: (1) The LV vectors can
expressiori.However, due to the size constraints of MLVenter a fully intact nuclear membrane and integrate into
vectors, individual HS site cores or a few combinations afon-dividing HSC chromatin without prestimulation with
these have been tested in MLV vectors with variable, pogiytokines. (2) They are able to package full-length,
tion-dependent expressiéh® unspliced RNA due to the presence of a strong RNA export

3. Oncoretroviral long terminal repeats (LTRS) tranelement, the rev response element (RRE). In this regard,
scriptionally interfere with LCR elements within MLV vec- May et al have shown th@tglobin gene cassettes that
tors, resulting in unstable proviral transmission and/or po@rere unstable in MLV vectors were stably transmitted in
transgene expressidit Transcriptional interference from LV vectors? (3) Furthermore, LV vectors can hold a much
the LTR?can be overcome by self-inactivating (SIN) veclarger cargo (~9-10 kb) than oncoretroviral MLV vectors,
tors. In SIN vectors, the LTR promoter/enhancers are dalowing for the larger LCR elements to be incorporated
leted upon integration of the provirus. However, SIN MLMnto these vectors. LV vectors, therefore, were able to over-
vectors have a loss in titers resulting from the LTR dele&eome the hurdles encountered with MLV vectors.
tion. Replacement of the viral LTR with enhancers from
other erythroid genes (the GATA¥or HS-40'%'5the dis-  Generation of lentiviral vectors
tal control element from the-globin locus) has met with A three-plasmid system was initially used to create the first
reasonable success. generation LV vector$. It included a packaging plasmid

4. B-globin is an intron-dependent gene that destab¢ontaining the viraag and pol and accessory genes. A
lizes oncoretroviral vectors, if placed in antisense orientaecond plasmid encoded an alternative envelope protein,
tion: Retroviral vectors are limited to incorporating cDNAthe G glycoprotein of vesicular stomatitis virus (VSV-G),
since during production of the viral RNA genome, vectoto allow for concentration by ultracentrifugation and
plasmids containing introns would be spliced. This becomésoaden host cell infectivity. A third plasmid encoding the
a serious handicap in expressing intron-dependent genespression cassette for the transgene contained allsthe
such ag3-globin. Thep-globin cDNA is very poorly ex- acting sequences required for encapsidation, reverse tran-
pressed, aB-globin introns contain elements that enhancecription and integration. The transgene also contained the
transcription, allow proper @nd processing and the nuclealCMV internal promoter, intact'&nd 3 LTR, the packag-
export of transcript¥'” The B-globin gene is, therefore, ing sequence from thgag gene and RRE.
inserted in reverse orientation relative to the open reading Subsequent generations of LV vectors have attempted
frame of the viral LTR transcript. This results in vector into reduce HIV elements and split the packaging gene into
stability, as several splice sites and polyadenylation sigifferent plasmids. Second generation LV vectors improved
nals are introduced into the open reading frame of the vean biosafety by deleting accessory HIV-1 genes. The third
tor transcript. generation vectors deleted HIV regulatory gematsand

5. Measures taken to overcome instability of globinrev, from the packaging construct and expressed the rev
containing retroviral vectors: 1) Deletion of a 372-bp fragprotein from a fourth plasmid. Most importantly, a SIN-
ment of the intron-2 of thB-globin gene?®which con- design of the vector backbone was achieved by deleting
tains most of the ‘instability elements,’ helps stabilize ththe promoter enhancer in the U3 region of therR with-
viral genomic RNA. 2) Leboulch et al have mutated nueut significant loss in titers or infectivity; during reverse
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transcription of the viral RNA, this U3 deletion is transhotype resembled human thalassemia intermedia. Subse-
ferred to the 5LTR, resulting in transcriptional inactiva- quently, models were generated with deletion of both the
tion of the LTR in integrated provirus&s® Another ad- B™°randf™" on one allele, HE"*mice. These heterozy-
vantage of SIN-LV vectors was that the level of expressiaous mice also have a thalassemia intermedia phenotype.
from internal promoters was higher and lineage-specificitfhe embryonic to adult switch in mice occurs at day 14-15
was enhanced probably because of the lack of interfererafegestation, making deletion of both tB&"rand pma°r

from the LTR transcriptional sequencéés. globins on both alleles (equivalent to hunfiéthalassemia

major) embryonic lethal, because unlike humans, the switch
Erythroid-specific expression from to adult globin production occurs during embryonic life in
SIN lentiviral vectors mice.

All current clinical gene therapy trials with MLV vectors Sadelain and colleagiiéwere the first to show stable
have utilized the viral promoter and enhancer to drive ex-ansmission and high-lev@-globin expression using a
pression of the therapeutic gene. This results in unredirst generation LV vectors backbone containing a large
lated ubiquitous expression of the target gene, which limiman LCR configuration in a mouse modeReahalas-
unnatural and can even be dangerous, as was seen in theefnia intermedia. They tested two LV vectors termed RNS1
linked severe combined immune deficiency trial. Morefcarrying minimal core LCR elements) and TNS9 (with large
over,B-globin gene expression is restricted in the erythroidCR fragments encompassing HS2, HS3 and HS4; approxi-
progeny of HSC. Therefore, it would be important to demately 3.2 kb in size). Cells transduced with the larger
sign vectors that would express in a regulated mannerTiNS9 vector maintained higher hum@uglobin transcript

the desired erythroid lineage. Several SIN-LV vectors havevels; the same vector achieved marked improvement in
been tested that contain heterologous enhancer/promotirs hematocrits, RBC count, reticulocyte count and hemo-
to drive erythroid-specific expression of cDNAs from GFRjlobin levels inp-thalassemia mice (HE¥**mice). This

and human ferrochelatase (FC) or a hybrid huifddn correction was sustained in secondary mice.

globin gene>% Vectors driven by the human ankyrin-1 Imren et @’used a similar lentiviral vector, carrying a
gene promoter and carrying the HS-40 element fromxthe modified anti-sicklingB-globin (mutated aB™"?to pre-
globin locus as an enhancer were found to be erythroident sickle polymer formation) to produce long-term cor-
specific. The cDNA was expressed at high levels and tranmgction in a muring-thalassemia intermedia mod&No-
duced cells showed sustained long-term expredstérhe tably, they observed no correction if there were single provi-
levels of expression of FC from SIN-LV vectors were suffiral integrants, which was attributed to chromatin position
cient to correct the phenotype in a murine model of erytleffects. The vector used by this group carried a 2.7 kb LCR,
ropoietic protoporphyria in secondary mice, suggesting thatich may have contributed to the lowgglobin expres-
heterologous promoter enhancers in these vectors are si@n per vector copy, as compared to the results published
pable of driving expression at clinically relevant lev&ls. by May et aP® although simultaneous comparisons of these
Both the GFP-expressing and FC-expressing mice showeettors have not been done.

an apparent lack of vector silencing. This was unlike the In a different approach, Persons and colleafjused
silencing of proviral gene expression, from methylation ci humany-globin containing SIN-lentiviral vector under
the viral LTR, typically observed with MLV vectors. Therethe control of the3-globin promoter and a smaller LCR
was no methylation of the human ankyrin-1 promoter ifragment (1.7 kb in length) in H#¥**mice and showed an
the SIN-LV vectors in secondary mice, suggesting thacrease of hemoglobin by 2.5 g/dL, and normalization of
lentiviral vectors, unlike oncoretroviral vectors, resisteédRBC morphology with approximately 2 copies of the provi-
silencing. However, the expression of the vector was highiys per cell. One important advantage of using/thiebin
variable in different mice, or clones derived from cell linegene, normally expressed only during fetal life, is that high
or HSC, since it was dependent on the structure and inflievel y-globin expression would be therapeutic not only
ences of the surrounding chromatin, where the vectors ifor B-thalassemia, but also sickle cell anemia. While this
tegrated. This variability in expression of vectors resulting/as the highest level gfglobin expression in adult (post-
from integration into different chromosomal sites is termedatal) RBCs, the vectors produced much less hemoglobin/
position effects. Therefore, the SIN-LV vectors resisted genector copy than reported by othé&t# likely due to the
silencing that is typically seen in oncoretroviral vectorssmaller LCR elements or difficulties inherent in achieving

but suffered from chromatin position effeéts. high level expression of theglobin gene in adults. Like
other groups, their vectors also showed significant posi-

Genetic correction of  B-thalassemia intermedia tion effects. They subsequently used a vector with a larger

phenotype with lentiviral vectors LCR and showed much higher expressiory-gfobin in

The mouseg-globin cluster has two adybtglobin genes, thalassemic mouse, that was less prone to position effects.
Bmirerand Bma@erglobin. The first animal model @-thalas- Table 1 compares the different LV vectors carrying the
semia was found in a DBA/2J mouse due to spontanedusman(- or y-globin expression and LCR fragments.
deletion in thg3-major gene. The resultant mice had a phe-
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Gene Therapy for Thalassemia Major tion of bone marrow CD34progenitor cells (8& 5%)
Rivella et a? developed an elegant mouse modePBef from 4 patients with transfusion-dependent thalassemia
thalassemia major by transplanting fetal liver cells froomajor with a complete phenotypic and functional correc-
thalassemia major fetuses, prior to embryonic fatality, intion of human thalassemia erythropoiesigy(re 1A; see
lethally irradiated normal adult mice. They showed thatolor Figures, page 547), and levelspeflobin expres-
fully engrafted mice die of severe anemia (hemoglobin leion were similar to those derived from normal bone mar-
els 2-3 g/dL) within 6-8 weeks following the transplantarow progenitorsKigure 1B; see Color Figures, page 547).
tion, while genetic correction of tHethalassemia major These results were confirmed in vivo 10-16 weeks after
fetal liver cells with the same vector, previously shown transplantation ds2m™' NOD-SCID mice with transduced
correct thalassemia intermedia m#egscued the lethal- thalassemia bone marrow. Transplanted mice achieved
ity. In this model, the TNS9 vector increased the hemogloaultilineage human cell engraftment and HbA production,
bin up to 6.5+ 2.9 g/dL in 6 long-term chimeras with ansimilar to mice transplanted with only normal bone mar-
average copy number of +8.6. One chimera achieved arow. Apoptotic cells were only found in the marrow of mice
hemoglobin level of 12 g/dL with a vector copy number ofvith untransduced thalassemia major xenografts, showing
2.2, but most other mice were converted to a severe thalageffective erythropoiesis from untransduced thalassemia
semia intermedia phenotype. major bone marrow progenitors. Effective human erythro-
Of note, gene therapy in thalassemia Mi€&éiwith 3- poiesis was achieved with circulatifeglobin-producing
or y-globin-based LV vectors suggests that vectors withuman erythroid cells in the genetically corrected xe-
higher and more predictable expression may be necessaografts, at levels comparable to normal bone marrow xe-
for correction of human thalassemia major. Another natograft controlsKigure 1C; see Color Figures, page 547).
table feature in murine studies is the highly variable erytfhis was the first report of complete correction of human
roid-specific expression amongst different mit#&;3:%2 thalassemia major model.
despite the presence®for a-globin regulatory elements, It is possible that an incomplete correction in mice
which are known to confer position independent expregwhere humar-globin forms tetramers with mouse
sion. Hanawa et al addressed the position effects by usinglabin) underestimates the degree of correction that would
vector carrying a 3.2 kb LCR and were able to show redube achieved with similar vectors in human cells (where
tion in position effects that were attributed to modificanatural tetramers of humam and 3 globins would be
tions in the cryptic splice sités. formed), and this may partially explain the success of our
Our laboratory used a different approach to addressudy®* However, it is likely that the increasgdglobin
chromatin position effects, increasifigglobin expression expression by the BGI vector was due to incorporation of
while at the same time trying to improve vector safety. Ahe insulator element, shown to reduce position effects and
SIN-lentiviral vector termed BGI, carrying the hum@n thereby improve expression gfglobin from MLV vec-
globin gene, a 3.2 kb LCR and the chicken hypersensititers® Similar results on increased transgene expression
site-4 (cHS4) insulator in the SIN-LTR, was used to transtave been recently reported in vitro with SIN-lentiviral
duce CD34 cells from bone marrow of 4 patients withvectors by Hawley and colleagu&s§Ve have subsequently
thalassemia majéf.The chromatin insulator element wasanalyzed expression from erythroid-specific SIN-LV vec-
inserted to reduce chromatin position effects and redutas with and without cHS4 insulator, carrying either the
the probability of the vector LTR activating a surroundingsFP reporter or th@-globin gene in MEL cells and in
cellular gene or vice-versa. There was high-level transduatice, and observed reduced clonal variegation and signifi-

Table 1. Comparisons of different lentiviral vectors used for gene therapy of B-thalassemia.
Rise in Hb/
Transgene Vector Copy Summary of Findings

May et al?8 -globin 3.8gm Correction of anemia in thalassemia intermedia mice
Imren et al2® 87-globin 1.5gm Correction of anemia in thalassemia intermedia mice
Rivella et al32 -globin 2.3gm Rescue of lethality in a thalassemia major mouse model
Persons et al3! y-globin 1.1 gm Correction of anemia in thalassemia intermedia mice
Hanawa et al33 y-globin 2.0 gm Correction of anemia in thalassemia intermedia mice

Reduced position effects

Imren et al42 87-globin — High level expression of an antisickling R87 globin in human erythroid cells
derived from cord blood progenitors in immune deficient mice
Integration of vector near potential oncogenes

Puthenveetil et al3* B-globin — Correction of Human B-thalassemia major phenotype in vitro and in immune
deficient mice
Reduced position effects
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cantly increased expression from insulated vectors (unpuipenes, one perplexing feature is integration of the RV provi-

lished results, Malik et al). rus in the LMO2 oncogene in all 3 X-SCID patients, while
no integrations in this locus occurred in children treated

Safety of Randomly Integrating Vectors for with a similar LTR containing RV vector in ADA-deficient

GeneTherapy of BThalassemia SCID. These data suggest that there may be may be dis-

The recent development of leukemia in 3 patients succesase- or transgene-specific predilection or presence of ‘in-
fully treated for X-linked severe combined immune-defitegration hot spots’ into this locus due to varying tran-
ciency (SCID) due to insertional oncogene stimulation witkcriptionally open domains in progenitors. Whether there
an MLV-based oncoretroviral vectdthas caused a pro- are specific loci that are integration hot spots in thalas-
found rethinking in the design of safe gene therapy vesemia progenitors versus normal bone marrow progenitor
tors. Subsequent investigations showing preferrezklls needs to be determined. While the cHS4 insulator
intergenic/intragenic integration of MLV and LV vect§f®  results in more predictable expression due to reduced clonal
suggest that the enhancers in the vector expression ceaariegation, whether this element truly has enhancer block-
sette may have played a significant role in activating celg effect when it flanks an erythroid-specific cassette in a
lular genes within/around which the vector integrated. Ienti-provirus remains to be determined.
the SCID study, the MLV vector was driven by the viral
LTR enhancer/promoter that imparted constitutive expreSummary
sion to the commowg-chain in stem cells and all hemato-Lentiviral vectors have resulted in unprecedented levels of
poietic progeny. B-globin expression and high levels of transduction of hu-
Unlike MLV, the risk of insertional oncogenesis fromman hematopoietic stem ceifs? resulting in correction
LV vectors in humans has not been studied in clinical trailef mouse and human models of thalassemia inter-
since these vectors are relatively new. Also, unlike ¥LV, medi&®2*313%and majof?3** With the correction of human
no insertional oncogenesis has been reported in muriti@lassemia major cell phenotype, it needs to be determined
studies with LV vectors, likely due to lack of functionalwhat is necessary to take gene therapy to the clinic. What
viral promoters and enhancer elements with these vectoasnount of corrected thalassemia major stem cells is needed
Only one phase I trial using a LV vector has been performéal correct the disease phenotype? What preconditioning
for gene therapy for HI¥ and short-term preliminary find- regimen will be necessary for adequate engraftment of gene
ings to date show that it has resulted in no adverse evemmdified cells? Persons et al have shown correction of
Imren et al'transduced human cord blood CD3%lls thalassemia intermedia phenotype with 10%-30% normal
with the LV vectors carrying a modified antisicklifiy  cells®® and improved engraftment of gene-modified donor
globin (mutated #8™"9) and showed high levels of expres-cells after in vivo drug selection with a vector containing
sion in the erythroid progeny with ~2 copies/cell. Genomithe mutant methyl guanosyl methyl transferase el
sequencing of vector-containing fragments showed thah ex vivo expansion or an in vivo selection of genetically
86% of the proviral inserts had occurred within genes, icorrected HSC be necessary to ensure sufficient HSC are
cluding several genes implicated in regulation of hematengrafted for therapeutic effects? Lentiviral vectors have
poieisis and human leukemia, pointing to a need for enswaready gone into phase | trials as an anti-HIV gene deliv-
ing that thep-globin expression cassette does not trangry into patients with HIV and have proven safe in the short
activate surrounding cellular genes. term so far, in an environment where there would be a high
LV vectors carrying th@-globin cassette have severalpropensity to recombination events and adverse effects.
‘built in’ safety features: a) regulated, erythroid lineageWhether these preliminary results from the HIV trial sug-
specific expressidh?®restricts their expression to differ- gest that these vectors may conceivably be safe to use for
entiated erythroid cells rather than stem or other hematgene therapy of hemoglobinopathies remains to be seen.
poietic cells, b) a self-inactivating (SIN) lentiviral de-
sigri>st334kenders the integrated provirus devoid of viraReferences
transcriptional elementé? and c) insertion of the cHS4 1. Dzierzak EA, Papayannopoulou T, Mulligan RC. Lineage-
insulator such that it flanks the integrated vector would Egﬁg’fﬁ:ﬁg\ﬁfﬁgggﬁt T:Q;Znﬁgt?é%'gfs'gtgfe”deV'Ji't;”“””e
additionally reduce position effect variegation (PEV) and retrovirus-transduced stem cells. Nature. 1988:;331:35-41.
have enhancer blocking effects in SIN-LV vectdr@ur 2. Forrester WC, Takegawa S, Papayannopoulou T,
studies with the BGI vector suggest that ‘insulated’ LV Sé%?;fgﬁgg?gfﬂﬁ: f%}n?arggglgfd“&eﬁg;?nizxa{@rsetla:gﬁaus
vectors reduce the PEV. Whether they have a reduced pro-hypersensitive sites in globin-expressing hybrids. Nucleic
pensity to activate surrounding cellular genes needs to be Acids Res. 1987;15:10159-10177. _
tested. If the cHS4 is found to have enhancer blocking éf- Srosveld F, van Assendelft GB, Greaves DR, Kollias G.

; ; . . Position-independent, high-level expression of the human
fects in the BGI provirus, it should result in reduced beta-globin gene in transgenic mice. Cell. 1987;51:975-985.

genotoxicity of the vector. 4. Tuan DY, Solomon WB, London IM, Lee DP. An erythroid-
: : . _ specific, developmental-stage-independent enhancer far
Whl|e eXtenS!Ve data have e'merged showmg the pro upstream of the human “beta-like globin” genes. Proc Natl
pensity of retroviral vectors to integrate in and around Acad Sci U S A. 1989:86:2554-2558.

Hematology 2005 49



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

50

Karlsson S, Bodine DM, Perry L, Papayannopoulou T,
Nienhuis AW. Expression of the human beta-globin gene
following retroviral-mediated transfer into multipotential
hematopoietic progenitors of mice. Proc Natl Acad Sci U S A.
1988;85:6062-6066.

Bender MA, Gelinas RE, Miller AD. A majority of mice show
long-term expression of a human beta- globin gene after
retrovirus transfer into hematopoietic stem cells. Mol Cell
Biol. 1989;9:1426-1434.

Sadelain M, Wang CH, Antoniou M, Grosveld F, Mulligan RC.
Generation of a high-titer retroviral vector capable of
expressing high levels of the human beta-globin gene. Proc
Natl Acad Sci U S A. 1995;92:6728-6732.

Ellis J, Pasceri P, Tan-Un KC et al. Evaluation of beta-globin
gene therapy constructs in single copy transgenic mice.
Nucleic Acids Res. 1997;25:1296-1302.

Novak U, Harris EA, Forrester W, Groudine M, Gelinas R.
High-level beta-globin expression after retroviral transfer of
locus activation region-containing human beta-globin gene
derivatives into murine erythroleukemia cells. Proc Natl
Acad Sci U S A. 1990;87:3386-3390.

Raftopoulos H, Ward M, Leboulch P, Bank A. Long-term
transfer and expression of the human beta-globin gene in a
mouse transplant model. Blood. 1997;90:3414-3422.

Walsh CE, Liu JM, Miller JL, Nienhuis AW, Samulski RJ.
Gene therapy for human hemoglobinopathies. Proc Soc Exp
Biol Med. 1993;204:289-300.

Emerman M, Temin HM. Comparison of promoter suppres-
sion in avian and murine retrovirus vectors. Nucleic Acids
Res. 1986;14:9381-9396.

Grande A, Piovani B, Aiuti A et al. Transcriptional targeting of
retroviral vectors to the erythroblastic progeny of trans-
duced hematopoietic stem cells. Blood. 1999;93:3276-3285.
Ren S, Wong BY, Li J et al. Production of genetically stable
high-titer retroviral vectors that carry a human gamma-
globin gene under the control of the alpha-globin locus
control region. Blood. 1996;87:2518-2524.

Emery DW, Morrish F, Li Q, Stamatoyannopoulos G.
Analysis of gamma-globin expression cassettes in
retrovirus vectors. Hum Gene Ther. 1999;10:877-888.
Antoniou M, Geraghty F, Hurst J, Grosveld F. Efficient 3'-end
formation of human beta-globin mRNA in vivo requires
sequences within the last intron but occurs independently of
the splicing reaction. Nucleic Acids Res. 1998;26:721-729.
Cust, Carmo-Fonseca M, Geraghty F et al. Inefficient
processing impairs release of RNA from the site of tran-
scription. EMBO J. 1999;18:2855-2866.

Miller AD, Bender MA, Harris EA, Kaleko M, Gelinas RE.
Design of retrovirus vectors for transfer and expression of
the human beta-globin gene. J Virol. 1988;62:4337-4345.
Leboulch P, Huang GM, Humphries RK et al. Mutagenesis of
retroviral vectors transducing human beta-globin gene and
beta-globin locus control region derivatives results in stable
transmission of an active transcriptional structure. EMBO J.
1994;13:3065-3076.

Jiang G, Perelman N, Xu D et al. The woodchuck hepatitis
virus post-transcriptional regulatory element greatly
increases titers from retroviral vectors and improves
expression of the beta globin cDNA. Blood. 1999;94:176a.
Naldini L, Blomer U, Gallay P et al. In vivo gene delivery and
stable transduction of nondividing cells by a lentiviral vector
[see comments]. Science. 1996;272:263-267.

Zufferey R, Dull T, Mandel RJ et al. Self-inactivating lentivirus
vector for safe and efficient in vivo gene delivery. J Virol.
1998;72:9873-9880.

Miyoshi H, Blomer U, Takahashi M, Gage FH, Verma IM.
Development of a self-inactivating lentivirus vector. J Virol.
1998;72:8150-8157.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ginn SL, Fleming J, Rowe PB, Alexander IE. Promoter
interference mediated by the U3 region in early-generation
HIV-1-derived lentivirus vectors can influence detection of
transgene expression in a cell-type and species-specific
manner. Hum Gene Ther. 2003;14:1127-1137.
Moreau-Gaudry F, Xia P, Jiang G et al. High-level erythroid-
specific gene expression in primary human and murine
hematopoietic cells with self-inactivating lentiviral vectors.
Blood. 2001;98:2664-2672.

Richard E, Mendez M, Mazurier F et al. Gene therapy of a
mouse model of protoporphyria with a self-inactivating
erythroid-specific lentiviral vector without preselection. Mol
Ther. 2001;4:331-338.

Mohamedali A, Moreau-Gaudry F, Richard E et al. Self-
inactivating lentiviral vectors resist proviral methylation but
do not confer position-independent expression in hematopoi-
etic stem cells. Mol Ther. 2004;10:249-259.

May C, Rivella S, Callegari J et al. Therapeutic haemoglobin
synthesis in beta-thalassaemic mice expressing lentivirus-
encoded human beta-globin. Nature. 2000;406:82-86.

Imren S, Payen E, Westerman KA et al. Permanent and
panerythroid correction of murine beta thalassemia by
multiple lentiviral integration in hematopoietic stem cells. Proc
Natl Acad Sci U S A. 2002;99:14380-14385.

Skow LC, Burkhart BA, Johnson FM et al. A mouse model
for beta-thalassemia. Cell. 1983;34:1043-1052.

Persons DA, Hargrove PW, Allay ER, Hanawa H, Nienhuis
AW. The degree of phenotypic correction of murine beta -
thalassemia intermedia following lentiviral-mediated transfer
of a human gamma-globin gene is influenced by chromo-
somal position effects and vector copy number. Blood.
2003;101:2175-2183.

Rivella S, May C, Chadburn A, Riviere |, Sadelain M. A novel
murine model of Cooley anemia and its rescue by lentiviral-
mediated human beta-globin gene transfer. Blood.
2003;101:2932-2939.

Hanawa H, Hargrove PW, Kepes S et al. Extended beta-
globin locus control region elements promote consistent
therapeutic expression of a gamma-globin lentiviral vector in
murine beta-thalassemia. Blood. 2004;104:2281-2290.
Puthenveetil G, Scholes J, Carbonell D et al. Successful
correction of the human beta-thalassemia major phenotype
using a lentiviral vector. Blood. 2004;104:3445-3453.

Emery DW, Yannaki E, Tubb J et al. Development of virus
vectors for gene therapy of beta chain hemoglobinopathies:
flanking with a chromatin insulator reduces gamma-globin
gene silencing in vivo. Blood. 2002;100:2012-2019.
Ramezani A, Hawley TS, Hawley RG. Performance- and
safety-enhanced lentiviral vectors containing the human
interferon-beta scaffold attachment region and the chicken
beta-globin insulator. Blood. 2003;101:4717-4724.
Hacein-Bey-Abina S, von Kalle C, Schmidt M et al. LMO2-
associated clonal T cell proliferation in two patients after
gene therapy for SCID-X1. Science. 2003;302:415-419.
Schroder AR, Shinn P, Chen H et al. HIV-1 integration in the
human genome favors active genes and local hotspots. Cell.
2002;110:521-529.

Wu X, LiY, Crise B, Burgess SM. Transcription start regions
in the human genome are favored targets for MLV integra-
tion. Science. 2003;300:1749-1751.

Li Z, Dullmann J, Schiedimeier B, et al. Murine leukemia
induced by retroviral gene marking. Science. 2002;296:497.
Humeau LM, Binder GK, Lu X, et al. Efficient lentiviral vector-
mediated control of HIV-1 replication in CD4 lymphocytes
from diverse HIV+ infected patients grouped according to
CD4 count and viral load. Mol Ther. 2004;9:902-913.

Imren S, Fabry ME, Westerman KA et al. High-level beta-
globin expression and preferred intragenic integration after
lentiviral transduction of human cord blood stem cells. J Clin
Invest. 2004;114:953-962.

American Society of Hematology



