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organic carbon would thus be degraded at a 
rate of (0.88 to 1.50) x 10-4 gC cm-3 
year-'. As a consequence, even sapropels 
consisting entirely of organic carbon (-0.9 
gC cm-3) would be completely degraded 
within 10,000 years. Organic carbon com- 
pounds in sapropels have been preserved over 
much longer time intervals, although a high 
fraction of microbial cells in the sapropels are 
physiologically active and continue to use 
organic carbon originating from the sa- 
propels. The above comparison thus indicates 
that prokaryotes in sapropels have signifi- 
cantly lower maintenance energy require- 
ments than any of the pure cultures investi- 
gated to date. 

Mediterranean sapropels harbor large 
populations of previously unknown members 
of the green nonsulfur bacteria and crenar- 
chaeota. Our cumulative evidence suggests 
that these prokaryotes are physiologically ac- 
tive, are specifically adapted to the specific 
conditions as they prevail in sediments with 
large amounts of subfossil kerogen, and are 
capable of altering the organic matter in situ 
even 217,000 years after its deposition. 
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Hematopoietic stem cell (HSC) gene therapy for adenosine deaminase (ADA)- 
deficient severe combined immunodeficiency (SCID) has shown limited clinical 
efficacy because of the small proportion of engrafted genetically corrected 
HSCs. We describe an improved protocol for gene transfer into HSCs associated 
with nonmyeloablative conditioning. This protocol was used in two patients for 
whom enzyme replacement therapy was not available, which allowed the effect 
of gene therapy alone to be evaluated. Sustained engraftment of engineered 
HSCs with differentiation into multiple lineages resulted in increased lympho- 
cyte counts, improved immune functions (including antigen-specific responses), 
and lower toxic metabolites. Both patients are currently at home and clinically 
well, with normal growth and development. These results indicate the safety 
and efficacy of HSC gene therapy combined with nonmyeloablative condition- 
ing for the treatment of SCID. 

Gene therapy trials have demonstrated the 
safety and feasibility of engineering hemato- 
poietic stem cells (HSCs) for treating inher- 
ited hematopoietic diseases (1-6). In these 
studies, however, the frequency of multipo- 
tent genetically modified HSCs and the levels 
of long-term transgene expression were vani- 
able, with limited clinical effect. This vari- 
ability could be influenced by vector design, 
gene transfer protocols, or inadequate en- 
graftment and expansion of genetically cor- 
rected HSCs. Recent improvements in HSC 
gene transfer, combined with a strong selec- 
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tive advantage for growth and differentiation 
of lymphoid cells, allowed investigators to 
correct the immune defect in the SCID vari- 
ant due to -y-chain deficiency (SCID-X1) (7). 

In ADA-SCID the purine metabolic defect 
(8) leads primarily to impaired lymphocyte 
development and function but also to nonim- 
munological abnormalities, which indicates 
that this disease is more complex than other 
SCIDs (8-10). The accumulation of toxic 
metabolites may offer a selective advantage 
to cells that produce sufficient vector-derived 
ADA. In previous gene therapy trials, this 
advantage might have been lost because of 
simultaneous treatment with bovine enzyme 
[polyethylene glycol-conjugated ADA (PEG- 
ADA)] replacement therapy. Recent experi- 
ence with an ADA-SCID patient treated with 
transduced peripheral blood lymphocytes 
(PBL) (11, 12) shows that PEG-ADA discon- 
tinuation results in preferential expansion of 
T cells containing the ADA gene capable of 
sustaining immune functions, but it did not 
completely correct the metabolic defect (12). 
These data suggest that, for long-term full 
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clinical benefit, correcting the metabolic de- 
fect could be as important as correcting the 
immune defect. 

We recently developed an improved gene 
transfer protocol into CD34+ HSCs (13-15), 
which allows efficient transduction while 
preserving differentiation capacity into mul- 
tiple lineages, including myeloid cells, B 
cells, natural killer (NK) cells, and T lympho- 
cytes, as shown by in vitro and in vivo assays 
(15). We applied this protocol to two ADA- 
SCID patients (Ptl and Pt2), who lacked an 
HLA-identical sibling donor and for whom 
PEG-ADA was not available (13). To pro- 
vide an initial developmental advantage to 
transduced HSCs and create space in the bone 
marrow (BM), we treated the patients with a 
low-intensity, nonmyeloablative conditioning 
regimen (13). This allowed us to fully exploit 
the selective advantage of genetically correct- 
ed cells and to evaluate the clinical efficacy 
of gene therapy. 

Ptl and Pt2 were enrolled in the gene 
therapy trial at 7 months and at 2 years and 6 
months of age, respectively (13). Autologous 
CD34+ cells were collected from BM (Ptl, 
4.15 x 106 cells per kg of body weight; Pt2, 
1.08 x 106 cells per kg of body weight), 
transduced with GIADAl retroviral vector, 
and infused 4 days later (13). Ptl received 
8.6 x 106 CD34+ cells per kg, containing 
25% transduced colony-forming units in cul- 
ture (CFU-C), and Pt2 received 0.9 X 106 
CD34+ cells per kg, with 21% transduced 
CFU-C. At days -3 and -2, both patients 
received nonmyeloablative conditioning with 
busulfan (2 mg per kg per day). Neither 
patient experienced toxicity nor required 
blood component transfusion. After a tran- 
sient myelosuppression (neutrophil nadir: 
Ptl, day +17, 0.15 X 103 cells per ,ul; Pt2, 
day + 19, 0.4 X 103 cells per ,ul; platelet 
nadir: Ptl, day +31, 154 X 103 cells per ,Il; 
Pt2, day +30, 23 X 103 cells per ,ul), hema- 
topoiesis recovered as expected [days to ab- 
solute neutrophil count (ANC) ? 500 cells 
per [lI: Ptl, 22 days; Pt2, 21 days] (Fig. 1, A 
and B). Ptl, whose pretreatment ANC was 
already low, experienced 12 days of ANC < 
500 and then recovered to normal levels (Fig. 
1A), whereas Pt2 experienced a single day of 
ANC < 500 (Fig. 1B). In Ptl, who has a 
follow-up of 14 months, the number of PBL 
increased progressively from <100 per [L to 
2000 per [L at day + 150, a level that was 
maintained throughout the remaining follow- 
up (Fig. 1C). Within the lymphocyte subsets, 
the first increase occurred in B cells and NK 
cells, followed by T cells (day +90) (Fig. 1E) 
(13). T cells developed normally into both 
CD3+/CD4+ cells and CD3+/CD8+ subsets 
(Fig. IG) and expressed a normal pattern of 
activation markers. Restoration of thymic ac- 
tivity was demonstrated by the dramatic in- 
crease in CD4+/CD45RA+ naive T cells and 

T cell receptor excision circles (TREC) (16) 
in CD3+ cells to the levels observed in age- 
matched controls (Fig. IG) (13). Gene ther- 
apy led to normalization of proliferative re- 
sponses to polyclonal stimuli [CD3 monoclo- 
nal antibody (anti-CD3 mAb), with or with- 
out anti-CD28 mAb, phytohemagglutinin 
(PHA), pokeweed mitogen, and concanavalin 
A] and, more importantly, to nominal anti- 
gens (candida, tetanus toxoid) (Fig. 2A) (13, 
17). Proliferative responses and cytotoxic ac- 
tivity to alloantigens were normal. The T cell 
receptor variable region f3 chain repertoire 
evaluated by polymerase chain reaction 
(PCR) heteroduplex analysis (18) showed a 
normal heterogeneous pattern. Serum immu- 
noglobulin M (IgM), immunoglobulin A 
(IgA), and immunoglobulin G (IgG) in- 
creased to normal levels, which allowed us to 
discontinue intravenous immunoglobulin 
(IVIG) 6 months after gene therapy (Fig. 2A), 
and we detected isohemagglutinins for the 
first time (1:8 to 1:16). After vaccination 
with tetanus toxoid, both T cell proliferative 
responses and specific antibody levels in the 
serum were comparable to those of age- 
matched controls (Fig. 2A). A follow-up of 
12 months is available for Pt2. In this patient, 
lymphocytes increased to 400 cells per RIl, 

with slower kinetics than Ptl (Fig. ID). The 
increase occurred mostly in the T cell subset 
(Fig. IF), as indicated by a significant in- 
crease in TREC (Fig. 1H). Gene therapy led 
to a substantial increase in proliferative re- 
sponses to polyclonal stimuli (Fig. 2B). T cell 
lines generated ex vivo 6 months after gene 
therapy proliferated normally in response to 
interleukin 2 and anti-CD3 mAb, with or 
without anti-CD28 mAb. 

Several findings support the hypothesis 
that Pt2 is also reconstituting B cell func- 
tions: (i) normalization of serum IgM and 
IgA was achieved by the fourth month after 
gene therapy (Fig. 2B); (ii) the patient main- 
tained IgG levels above 800 mg/dl in re- 
sponse to a delayed schedule of IVIG, which 
suggests endogenous IgG production; (iii) be- 
fore gene therapy and despite IVIG, the pa- 
tient was affected by recurrent respiratory 
infections, chronic diarrhea, and scabies. 
Twelve months after gene therapy, the patient 
showed no sign of respiratory infections and 
scabies and recovered normally from two 
transient episodes of diarrhea. 

We next analyzed by quantitative real- 
time PCR (Q-PCR) (13) the proportion of 
vector-containing cells in purified subpopu- 
lations of PB and BM from both patients at 
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different time points after gene therapy (Fig. 
3). Vector-containing cells were detected first 
in granulocytes as early as 3 weeks in Ptl and 
at 2 weeks in Pt2. Both patients showed 
genetically corrected cells in multiple lineag- 
es, including granulocytic, erythroid, mega- 
karyocytic, and lymphoid cells, which were 
detected at higher levels in Ptl. The frequen- 
cy of vector-containing cells was higher in 
lymphoid subsets (Fig. 3, C, D, G, and H) 
than in the other lineages (Fig. 3, A, B, E, and 
F), which indicates a stronger selective ad- 
vantage for differentiation of genetically 
corrected B, NK, and T cells. We also ob- 
served an initial increase in untransduced 
cells (in Ptl from 10 CD3+ cells per [L 
before gene therapy to 220 cells per [L at day 
100, with 70% untransduced cells), which 
could be related to a beneficial effect of 
systemic detoxification mediated by ADA- 
producing transduced cells. 

In Ptl, the frequency of vector-containing 
T cells increased progressively and reached 
70% at 11 months of follow-up (Fig. 3C). At 
the same time, virtually all NK cells present 
in PB and in BM were transduced (Fig. 3C). 
Transduced B cells were first detected in the 
BM at day +30 and 1 month later in PB (Fig. 
3D). Strikingly, the frequency of transduced 
B cells was higher in the PB than in the BM, 
which suggests a preferential differentiation 
of genetically corrected cells and/or a growth 
advantage for peripheral B cells. The obser- 
vation that BM immature B cells (surface 
IgM+) contained a higher frequency of trans- 
duced cells (17%) than pre-B cells (8.5%) 
confirmed this hypothesis. In Pt2, genetically 
engineered CD3+ T cells appeared later than 
in Ptl, but the frequency of these cells pro- 
gressively increased up to 100% at day +240 
(Fig. 3G). Persistent production of genetical- 
ly corrected granulocytes, monocytes, 
megakaryocytes, and erythroid cells was ob- 
served, with levels ranging from 5 to 20% 
(Fig. 3, A and B) in Ptl, demonstrating the 
engraftment of multipotent HSCs. This con- 
clusion was further supported by the consis- 
tent finding of neomycin (Neo)-resistant 
CFU-C (6.5% at day +330), which was con- 
firmed -by PCR analysis of individual CFU-C 
and by Q-PCR of purified BM CD34+ cells 
(11% at day +330) (Fig. 3A). 

To prove that genetically corrected HSCs 
retained their repopulation and differentiation 
properties, we isolated CD34+ cells from the 
BM of Ptl at day +330 after gene therapy 
and tested them for their lymphoid differen- 
tiation capacity. CD34+ cells plated in vitro 
into a B/NK differentiation assay were able to 
generate B and NK cells that contained 4 and 
9% of transduced cells, respectively (15). BM 
CD34+ cells were also transplanted into the 
BM/thymus of SCID-hu mice (19) and ana- 
lyzed after 8 weeks. Donor cells (identified 
by HLA-specific mAb) engrafted in the BM/ 
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before (open bars) and after (solid bars) vaccination with TT. Patient was vaccinated 3 months after 
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Pt2. (Left) Proliferative responses to anti-CD3, PHA, and alloantigen stimuli before (open bars) and 
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Fig. 3. Quantitative PCR analysis for vector-containing cells. Cells were sorted by flow cytometry 
(13, 26). DNA was isolated and analyzed by real-time Q-PCR analysis (13) for the proportion of 
vector-positive (Neo+) cells in Pt1 (A to D) and Pt2 (E to H). Graphs show percent of Neo+ cells 
in the following sorted cell populations: (A and E) CD34+ progenitor cells (gray squares), CD61 + 
megakaryocytic cells (solid diamonds), and glycophorin A+ erythroid cells (open diamonds) from 
the BM; (B and F) CD1 5+ granulocytic ceLls from the BM (open triangles) or the PB (solid triangles); 
(C and G) CD3+ T cells (open circles), CD56+/CD16+ NK cells (gray circles) and T-cell lines (solid 
circles) from the PB; (D and H) CD19+ B cells from the BM (open boxes) or the PB (solid boxes). 

thymus and differentiated into transduced 
mature B and T cells (frequency of trans- 
duced CD19+ cells by Q-PCR, range 0.3 to 
15.2%; CD3+ cells, range 0.14 to 31.2%). 
These data formally demonstrate that engi- 
neered HSCs retained their ability to recon- 
stitute human hematolymphopoiesis in vitro 
and in vivo in a secondary transplant 11 
months after infusion. 

Biochemical studies (13, 20) demonstrat- 
ed that gene therapy completely restored in- 
tracellular ADA enzymatic activity in PBL 
(Fig. 4A) and in BM CD19+ B cells (590 

units versus 300 ? 100 units in normal con- 
trols). Indeed, vector ADA was expressed at 
the mRNA level in differentiated cells of Ptl, 
as assessed by reverse transcriptase (RT)- 
PCR analysis in T cells, B cells, granulo- 
cytes, and monocytes (17). In erythrocytes 
(RBCs), enzyme activity increased from un- 
detectable to 20 to 30% of healthy controls 
(Fig. 4A) and was detectable in myeloid pro- 
genitors differentiated in vitro (CFU-GM) 
(550 units; normal values, 5000 + 2000 
units). In Pt2, BM ADA activity increased 
eightfold (from 180 to 1500 units) after gene 
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Fig. 4. Biochemical studies for A B 
ADA and purine metabolites. (A) E 
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in Ptl (open circles) and Pt2 (solid circles), expressed as nmol/ml. Normal values: 0 nmol/ml. (D) 
Serum levels of LDH in Ptl and Pt2 before (open bars) and after (solid bars) gene therapy (normal 
LDH values, 300 to 600 units/liter). (E) Serum levels of aspartate aminotransferase (AST) before 
(open bars) and after (solid bars) gene therapy (normal AST values, 2 to 60 units/liter). 

therapy. ADA activity in the plasma in- 
creased in both patients after gene therapy 
(Fig. 4B). This increase was paralleled by a 
decline in RBC toxic adenine deoxyribonu- 
cleotide (dAXP) metabolites to levels equal 
to 10 and 40% of the initial value for Ptl and 
Pt2, respectively-levels comparable to those 
found in patients successfully transplanted 
with allogeneic BM (21, 22) (Fig. 4C). The 
amelioration of the metabolic pattern was 
followed by a normalization of lactate dehy- 
drogenase (LDH) and liver enzymes usually 
elevated in ADA-SCID (8, 9) (Fig. 4, D and 
E). During this follow-up, the two patients 
were in good clinical condition and did not 
experience any severe infectious episodes. 
Both patients are currently at home and clin- 
ically well, with normal growth and develop- 
ment. They live a normal life in their native 
countries and remain off enzyme replacement 
therapy. 

Several explanations may account for the 
different levels of engraftment of transduced 
cells and restoration of the immune functions 
in these two patients. First, Pt2 received one 
log (one order of magnitude) lower autolo- 
gous transduced CD34+ cells than Ptl. Sec- 
ond, Pt2 was enrolled at an older age, which 
can be a crucial factor for HSC engraftment, 

as shown in BMT transplantation in SCID 
(23). An additional, and possibly more im- 
portant, variable may be the degree of host 
BM ablation. Indeed, the pharmacologic bio- 
distribution of busulfan might have differed 
in the two patients, because Ptl received the 
drug intravenously and Pt2 received it orally. 
These results suggest that early intervention 
with optimal amounts of transduced HSCs 
and adequate conditioning are crucial factors 
in determining the speed and level of engraft- 
ment. 

A similar gene transfer protocol was used 
to transduce BM CD34+ cells of two SCID- 
Xl patients (7) without conditioning. In this 
study, gene therapy resulted in the develop- 
ment of T and NK corrected cells, allowing 
full reconstitution of T cell functions, where- 
as B lymphocytes and other hematopoietic 
cells remained mostly untransduced. The use 
of conditioning is most likely responsible for 
the improved results of our protocol, and this 
advantage may counteract the toxic effects 
and potential complications associated with 
low-dose busulfan. 

Overall, our results prove the safety and 
efficacy of HSC gene therapy combined with 
nonmyeloablative conditioning in restoring 
lymphoid development and functions and in 

correcting the metabolic defect of ADA- 
SCID with complete reversal of the clinical 
phenotype, in the absence of enzyme replace- 
ment. These results represent a significant 
advance over the pioneering studies of gene 
therapy with PBL in ADA-SCID patients 
receiving PEG-ADA that showed efficient 
gene transfer into long-living T lympho- 
cytes (1, 24). 
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