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Several approaches are currently developped in order to improve severe β globin disorders by « gene therapy » :   1) addition of a therapeutic globin gene ; 2) homologous recombination to restore the normal sequence in a physiologically regulated globin gene ; 3) targetting messenger RNA ; 4)  reactivation of a fetal gene (γ globin). Our presentations will focus on the globin gene addition which is the most promising approach, in the near future at least.

The goal of the addition of a globin gene is to mimick the physiological expression of normal adult globin gene : the expression of the globin transgene in the erythroid cell lineage only, at the right time (from pro-erythroblast to mature erythroblasts), at the right level (the highest for human genes) and in all erythrocyte precursors, if possible. The globin transgene has to be transfered efficiently and inserted into the genome of hematopoietic stem cells (HSC), which are mostly quiescent and  in a very small proportion in available samples. Finally pertinent animal models are required to evaluate the efficacy and last but not least the safety of the procedure before considering a clinical trial.

The discovery of the globin gene, the 1rst human gene to be cloned (Maniatis T. Cell 15 687 1978), raised the hope to cure severe hemoglobin disorders upon a globin gene transfer in bone marrow cells. In 1980, the 1rst ex vivo clinical trial, performed by mixing the β globin DNA to bone marrow cells from two β thalassemic patients, was not only inefficient but also considered as non ethical, not respecting the principle of precaution by skipping pre-clinical animal studies of safety and efficacy. 

β thalassemia. The proof of principle of the therapeutic benefit of the human β globin gene addition  was obtained in 1986,  upon « germinal » transfer, correcting the β thalassemic natural mouse model (Hbb-thal-1), but eat avery low frequency (Costantini Science 233 1992 1986). The improved therapeutic effect of the globin transgene was obtained upon the addition of globin LCR (Locus Control Region of human β like globin gene cluster) increasing the expression of the human transgene to the level of endogenous mouse globin expression. However, in spite of the right combination of the active sites of LCR (Leboulch P. EMBO J. 13 3065 1994) the « somatic » globin gene transfer in hematopoietic stem cells did not reach the therapeutic treshold in vivo, because the mouse onco-retroviral vector used did not cross the nuclear membrane of quiescent cells and consequently was unable to target efficiently the most primitive hematopoietic stem cells. This problem was solved by using a lentiviral vector derived from HIV, shown to transduce quiescent neurones in vivo (Naldini L. Science 272 263 1996) and hematopoietic stem cells (Uchida N. PNAS 95 11939 1999). The beneficial effect of the « lenti-β globin vector » was demonstrated in a KO mouse model of β thalassemia (Hbb-thal-3)(May C. Nature 406 82 2000) and subsequently improved by a pancellular expression of the globin transgene (Imren S. PNAS, 99 14380 2002).

Sickle cell disease. In contrast to the β thalassemia which « simply » requires the expression of the missing βA globin chain, the globin gene therapy approach is less straightforward for sickle cell disease because : 1) the βS globin being expressed at the normal level, the goal is to inhibit the polymer formation induced by the β6 glu->val substitution, upon deoxygenation of erythrocytes in the microcirculation ; 2) a maximum of erythrocytes has to contain therapeutic hemoglobin levels, above a treshold value; 3) the total  hemoglobin concentration cannot be increased within erythrocytes because such an increase enhances the amounts and the formation rate of polymers. The correction of the severe sickle cell phenotype in sickle cell mice  (Berkeley) was reached by using the « lenti-globin βT87Q vector » expressing the human βT87Q globin variant (carrying glutamine  present  at the 87th position of the γ or δ chains of human Fetal or A2 hemoglobins) (Pawliuk R. Science 294 2368 2001). This amino acid substitution improved the antisickling effect compared to normal HbA (β87T). Hopefully, the human transgenic βT87Q globin expression  was compensated by an equivalent reduction of the βS chain expression. Similarly, a globin chain replacement, which does not increase the overall hemoglobin concentration in erythrocytes, is also observed  around birth, during the physiological switch from fetal (γ) to adult (β) globin, or in sickle cell patients when the proportion of fetal hemoglobin is increased, either genetically or induced by the hydroxyurea therapy. Recently, more complex β globin transgene modifications leading to 2 additional aminoacid substitutions (G16D, E22A added to T87Q) were shown to inhibit the polymer formation, even more effectively than HbF (Levasseur D. Blood 102 4312-19, 2003, J.Biol. Chem 279 27518- 24, 2004). 

Viral safety. The risk of generating a recombinant competent lentiviral vector (RCL) during the production of the lenti-globin vector has been prevented by splitting into 6 plasmids the trans-complementing genes required to generate the proteins of the vector particles.

 Oncogenic risk. This problem was raised in late 2002, when 3 years after a successfull gene therapy, 2 out of 10 children developped leukemia.  They were cured from the X linked combined immunodeficiency syndrome (SCID-X1), by autologous bone marrow transplantation of corrected CD34+ cells. This unexpected complication was related to the activation of a proto-oncogene (LMO-2), present at or near the integration site of the therapeutic onco-retroviral vector. The clonal oncogenesis was due to the potent viral promoter and enhancer, activating LMO2 expression and to the cytokine receptor (γc) therapeutic gene required to promote the lymphoid cell growth and survival. Most probably, these two genes cooperate for oncogenesis (Hacein-Bey S. Science 302 415 2003 ; McCormack NEJM 350 913 2004). In the case of hemoglobin disorders, the  β globin is not an oncogenic protein per se and it does not promote cell proliferation or survival. In addition, the viral promoter and enhancer present on both sides of the integrated HIV derived vector have been removed and replaced by « insulators »,  derived from the chicken globin genome (HS4 site), in order to prevent the local activation of cellular genes. Finally, in contrast to the mouse oncoretroviral vectors which preferentially integrate in promoters of active genes, HIV integration is more random (Wu X. Science 300 1749 2003) and HIV infection has not been associated with oncogenic clones baring an integrated provirus in patients with AID. Another interesting property of the chicken HS4 insulator is the protection of the globin transgene from being repressed by heterochromatin formation responsible for « position effect variegation » (PEV) (Emery D. PNAS 9150 2003 ; Burgess-Beusse B. PNAS 16342 2002 ; Yao S. Nucleic Acid Research 31 5317 2003).

Myelosuppression.  The very low number of hematopoietic stem cells available in a bone marrow sample, requires myelosuppression of non corrected HSC in order to obtain the high proportion of erythrocytes containing the therapeutic hemoglobin. Partial myelosuppression in mice has failed to reach more than 1% of transduced HSC. Consequently in human, myeloablation  must be used before the autologous transplantation of corrected CD34+ cells. Consequently if the globin gene addition is efficient and without an added oncogenic risk this therapy will be restricted to the patients who require a bone marrow transplantation without a suitable donor  in trials in the near futur, until the problem of corrected cell expansion is solved.

