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BACKGROUND
In previous clinical trials involving children with X-linked severe combined immuno-
deficiency (SCID-X1), a Moloney murine leukemia virus–based γ-retrovirus vector ex-
pressing interleukin-2 receptor γ-chain (γc) complementary DNA successfully restored 
immunity in most patients but resulted in vector-induced leukemia through enhancer-
mediated mutagenesis in 25% of patients. We assessed the efficacy and safety of a 
self-inactivating retrovirus for the treatment of SCID-X1.

METHODS
We enrolled nine boys with SCID-X1 in parallel trials in Europe and the United States 
to evaluate treatment with a self-inactivating (SIN) γ-retrovirus vector containing 
deletions in viral enhancer sequences expressing γc (SIN-γc).

RESULTS
All patients received bone marrow–derived CD34+ cells transduced with the SIN-γc 
vector, without preparative conditioning. After 12.1 to 38.7 months of follow-up, 
eight of the nine children were still alive. One patient died from an overwhelming 
adenoviral infection before reconstitution with genetically modified T cells. Of the 
remaining eight patients, seven had recovery of peripheral-blood T cells that were 
functional and led to resolution of infections. The patients remained healthy thereaf-
ter. The kinetics of CD3+ T-cell recovery was not significantly different from that ob-
served in previous trials. Assessment of insertion sites in peripheral blood from pa-
tients in the current trial as compared with those in previous trials revealed 
significantly less clustering of insertion sites within LMO2, MECOM, and other lym-
phoid proto-oncogenes in our patients.

CONCLUSIONS
This modified γ-retrovirus vector was found to retain efficacy in the treatment of 
SCID-X1. The long-term effect of this therapy on leukemogenesis remains unknown. 
(Funded by the National Institutes of Health and others; ClinicalTrials.gov numbers, 
NCT01410019, NCT01175239, and NCT01129544.)
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X -linked severe combined immunode-
ficiency (SCID-X1) is caused by mutations 
in the gene encoding the interleukin-2 

receptor γ chain (IL2RG) that result in a lack of 
response to common γ-chain (γc)–dependent cy-
tokines, an absence of T-cell and natural killer 
(NK)–cell development, and impairment of B-cell 
function.1,2 Death from community-acquired or op-
portunistic infection usually occurs before 1 year 
of age unless allogeneic hematopoietic stem-cell 
transplantation (HSCT) is performed. The immu-
nologic defect in children with SCID-X1 obviates 
the requirement for a preparative regimen before 
transplantation.3-6 Standard allogeneic HSCT with 
matched-sibling donors is associated with an 85 to 
90% overall survival rate.7-11 However, transplanta-
tion with the use of mismatched related, matched 
unrelated, or umbilical-cord-blood donors or trans-
plantation in patients with ongoing infection is 
associated with lower survival rates and higher 
rates of complications, including graft-versus-host 
disease.8-10 For instance, mortality among patients 
with SCID who have severe protracted infection at 
the time of HSCT is approximately 50%.8,9

In previous gene-therapy trials, 20 infants with 
SCID-X1 who did not have matched family donors 
were treated with an infusion of autologous CD34+ 
bone marrow cells transduced with a first-gen-
eration Moloney murine leukemia virus vector 
expressing the γc complementary DNA (MFG-γc) 
and containing duplicated viral enhancer sequenc-
es within the long terminal repeats (LTRs). The 
therapy evaluated in these trials resulted in recon-
stitution of T cells and in disease-free survival 
similar to that associated with matched-sibling-
donor allogeneic HSCT.12-16 However, insertional 
mutagenesis leading to T-cell acute lymphoblas-
tic leukemia occurred in 5 of the 20 patients, 
with transactivation of the LMO2 or CCND2 pro-
to-oncogenes in the five leukemias.17-19

To improve safety while maintaining immu-
nologic efficacy, we developed a self-inactivating 
(SIN) γ-retroviral vector (pSRS11.EFS.IL2RG.
pre*, abbreviated SIN-γc) in which the Moloney 
murine leukemia virus LTR U3 enhancer was 
deleted. The modified vector expressed the IL2RG 
complementary DNA from the eukaryotic human 
elongation factor 1α short promoter, which di-
rects ubiquitous expression in mammalian cells, 
and has previously been shown to be less muta-
genic in vitro.20,21 Here we present interim re-
sults from a study of patients with SCID-X1 
treated with this enhancer-deleted SIN-γc.

Me thods

Vector Production

A genetic map of the vector is shown in Figure S1 
in the Supplementary Appendix, available with the 
full text of this article at NEJM.org. The design and 
in vitro testing of the expression and immunologic 
efficacy of the SIN-γc vector and the production 
of the vector have been described elsewhere.20-22

Patients and Clinical Protocol

We enrolled nine boys with confirmed IL2RG muta-
tions who had immunologic profiles characteristic 
of SCID-X1 in parallel phase 1/2 trials conducted 
in Paris (ClinicalTrials.gov number, NCT01410019; 
five patients), London (NCT01175239, no patients), 
and the United States (NCT01129544; two pa-
tients in Boston, one patient in Cincinnati, and 
one patient in Los Angeles). At all sites, enroll-
ment was offered for infants and children who 
either lacked a HLA-identical related or unrelat-
ed donor or had an active, therapy-resistant in-
fection. In Paris, because of the different require-
ments of the French regulatory agencies, the 
presence of a therapy-resistant infection was a 
requirement for study entry. Written informed 
consent was obtained from the guardians or par-
ents of all patients in accordance with local in-
stitutional review board–approved protocols.

CD34+ cells were purified from bone marrow 
with the use of the CliniMACS system. The cells 
were then subjected to transduction with clinical-
grade SIN-γc supernatant,22 with the use of pub-
lished regimens13,14 that were nearly identical to 
those used in the previous SCID-X1 gene-therapy 
trials. Common standard operating procedures 
were used at all sites. Supportive clinical care was 
delivered in accordance with local institutional 
norms.

Insertion-Site and Clonality Analysis

For the analysis of integration sites, DNA was puri-
fied from samples of blood cells and analyzed 
with the use of methods described elsewhere23-26 
(see the Supplementary Appendix). A total of 
2.9×104 unique integration sites representing 
2.8×105 sequence reads were obtained from pa-
tients in the current trial and were compared with 
1.3×104 unique integration sites representing 
2.7×105 sequence reads collected from patients in 
the two previous trials.15,19,27-29 The abundance of 
cell clones was assessed by counting the number 
of different random break points that gave rise 
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to the capture of each integration site and was 
analyzed statistically by means of the sonic Length 
method.24 Analysis of integration-site genomic 
intervals, termed “integration clumps,” was per-
formed with the use of scan statistics,25 which 
allows analysis without assumptions about the 
genomic length of clumps or the number of in-
tegration sites involved. All integration-site data 
sets have been deposited in the National Center 
for Biotechnology Information Sequence Read Ar-
chive under the accession number SRP046756.

Statistical Analysis

The coprimary end points of the trial were the 
reconstitution of CD3+ cell number and function 
and the occurrence of severe adverse events re-
lated to gene therapy. To compare the repeated 
measures of CD3+ cell recovery in this trial with 
the combined data from the two previous trials, 
a generalized-estimating-equation approach (with 
an exchangeable correlation structure) was ap-
plied,30 with the use of the quasi-likelihood un-
der the independence-model-criterion statistic31 to 
identify the preferred model. A log10 transforma-
tion was applied to exponentially distributed 
CD3+ cell counts (with a continuity correction of 
0.01 added if CD3+ cell counts equaled zero) to 
meet normality assumptions. At 3 and 6 months, 
a two-sided Wilcoxon rank-sum test was used for 
the comparison. Analyses were performed accord-
ing to the intention-to-treat principle. P values 
were two-sided, and values of less than 0.05 were 
considered to indicate statistical significance.

R esult s

Characteristics of the Patients

All nine boys enrolled had a profound deficiency 
of autologous T cells. Patients 3, 5, 7, and 9 had 
maternal T-cell engraftment; in Patient 3, mater-
nal engraftment was at a high level (i.e., >95% of 
T cells were of maternal origin). Eight of the nine 
patients had no expression of γc on the cell sur-
face of peripheral-blood mononuclear cells. Eight 
patients had SCID-related infections, including 
three with disseminated bacille Calmette–Guérin 
infection, one with Epstein–Barr virus–driven lym-
phoproliferation, and one with severe systemic 
adenoviral disease (Table 1).

Transduction and Product Characteristics

The median age at infusion of autologous bone 
marrow–derived CD34+ cells transduced with the 

SIN-γc vector was 8.0 months. Two patients re-
ceived treatment for maternal engraftment that 
was high level, symptomatic, or both. Patient 2 
received two doses of fludarabine (total, 80 mg 
per square meter of body-surface area), on days 
−3 and −2 before receiving transduced cells, which 
transiently reduced the massive number of ma-
ternally engrafted T cells. Patient 7 received three 
doses of rabbit antithymocyte globulin (total, 13 
mg per kilogram of body weight), on days −23, 
−13, and −11, for treatment of symptomatic ma-
ternal graft-versus-host disease, which was man-
ifested as diffuse erythroderma, without hepatic 
or gastrointestinal involvement. No myelosuppres-
sive chemotherapy was given to any of the patients. 
The median dose of CD34+ cells infused was 
7.8×106 per kilogram (range, 3.7×106 to 11.7×106) 
with vector copy numbers ranging from 0.25 to 
2.92 copies per cell (Table 1). Patient 9 received 
a second infusion of transduced cells 1 month 
after the first infusion, because of the low vector 
copy number of the initial product. Patient 8, who 
received cells with a low vector copy number, did 
not reach the primary end point of the trial and 
received a second infusion of transduced cells 
17.5 months after the initial infusion, after full 
review by the data and safety monitoring board 
of the U.S. sites, which recommended proceeding 
to additional therapy. The family of Patient 8 gave 
consent for treatment in accordance with an 
amended protocol approved by the institutional 
review board of that site and reviewed by the 
Food and Drug Administration, allowing for a 
second infusion of transduced cells. Data on this 
patient are included in the insertion-site analysis 
and the analysis of adverse events up to the time 
of the second infusion of transduced cells but 
not afterward, as is appropriate for an intention-
to-treat analysis of the first infusion.

Immunologic and Clinical Follow-up

Eight of the nine children have survived, with a 
median follow-up of 29.1 months (range, 12.1 to 
38.7). Preexisting infections were resolved in all 
patients except Patient 5, who died from a preex-
isting disseminated adenovirus infection 4 months 
after gene therapy and before full reconstitution 
of the T-cell compartment with gene-modified 
cells (Table S1 in the Supplementary Appendix). 
Patient 7, who received a graft with a low vector 
copy number (Table 1), had no evidence of gene 
marking (i.e., detection of vector genomic DNA 
by means of quantitative polymerase chain reac-
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tion) in T cells; therefore, he received a mismatched 
umbilical-cord-blood transplant 8 months after 
gene therapy. At the most recent follow-up assess-
ment, 15 months after transplantation, he was 
doing well. CD3+, CD4+, and CD8+ T-cell recov-
ery was achieved and sustained in six of the seven 
remaining patients (Fig. 1A, 1B, and 1C and 
Table 2). There was no significant difference in 
the kinetics of T-cell reconstitution between the 
patients in the current trial and those in the pre-
vious trials, either at 6 months or during the first 
year (P = 0.39 and P = 0.28, respectively) (Fig. 1D).

At the most recent assessment of T cells (at a 
median of 24 months), these seven patients had 
evidence of naive CD4+CD45RA+ T-cell generation, 

recent thymic emigrants (CD4+CD45RA+CD31+), 
and T-cell–receptor excision circles (Fig. 1E and 
Table 2). T-cell diversity was polyclonal in most 
patients, with some showing skewed distribution 
in certain T-cell–receptor beta variable (TCRBV) 
gene families, as was previously observed in 
patients who had disseminated bacille Calmette–
Guérin infection (Fig. 1F). All seven remaining 
patients had gene marking in T cells and a re-
turn of phytohemagglutinin-induced T-cell pro-
liferation to the normal range, as well as antigen-
induced T-cell proliferation after infection or 
immunization (Fig. 1G and 1H and Table 2).

Higher vector copy numbers were correlated 
with successful T-cell engraftment. The six pa-

Patient 
No.

Age at 
Gene 

Therapy

Mutation  
and Predicted 

Effect γc

Maternal 
T-Cell 

Engraftment

CD3+  
T-Cell  
Count Infection History

CD34+ T-Cell 
Dose

VCN 
of Graft

Follow-
up Status

mo
cells/
mm3

cells/kg body 
weight

copies/
cell mo

1 8.3 c.236G→C 
p.Trp74Cys

No No 0 Disseminated BCG,† 
pneumonitis

7.6×106 1.9 38.7 Alive, infections 
resolved

2 5.8 c.266A→G 
p.Tyr89Cys

No No 1 Oral ulcers during 
continuous acyclovir 

treatment†

7.3×106 2.82 38.7 Alive, infections 
resolved

3 5.5 c.676C→T 
p.Arg226Cys

No Yes 8051‡ RSV,† disseminated 
BCG,† CMV,†  

EBV LPD†

10.0×106 1.2 35.9 Alive, infections 
resolved

4 6.8 c.854G→A 
p.Arg285Gln

No No 0 Disseminated BCG,† 
Pneumocystis jiroveci 

pneumonia

7.8×106 1.1 29.1 Alive, infections 
resolved

5 9.0 c.674G→T 
p.Ser225Ile

No Yes 44 Systemic severe  
adenovirus  

with hepatitis†

10.0×106 0.3 Died Died from infection

6 10.5 c.185G→C 
p.Cys62Ser

No No 11 Disseminated BCG† 11.7×106 2.92 21.6 Alive, receiving  
BCG suppressive 

medication

7 3.9 c.396T→G 
p.Leu132Arg

No Yes 60§ None 9.1×106 0.35 Off  
trial at 
6 mo

Alive after  
cord-blood  

transplantation

8 8.2 c.961_962insC 
p.Leu321fsX327

Yes No 0 P. jiroveci pneumonia 3.7×106¶ 0.53 20 Alive, infections 
resolved

9 8.0 c.202G→A 
p.Glu68Lys

No Yes 42 P. jiroveci pneumonia, 
rotavirus intestinal  

infection†

5.3×106, 
7.3×106‖

0.25, 0.74 12.1 Alive, infections 
resolved

*  BCG denotes bacille Calmette–Guérin, CMV cytomegalovirus, EBV Epstein–Barr virus, γc γ-chain expression, LPD lymphoproliferative dis-
ease, and VCN vector copy number.

†  Infection was ongoing at the time of gene therapy.
‡  The cell count was measured after treatment with fludarabine.
§  The cell count was measured after treatment with antithymocyte globulin.
¶  Patient 8 received a second infusion 17.5 months after the first infusion; the CD34+ T-cell dose of the second infusion was 20×106 cells per ki-

logram, and the VCN was 0.51 copies per cell. Data for this patient beyond the time of the second infusion were not included in the analysis.
‖  The interval between the first and second infusions was 1.2 months.

Table 1. Characteristics of the Patients.*
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Figure 1. Immune Reconstitution and Gene Marking after Gene Therapy.

Panels A, B, and C show changes over time in the numbers of CD3+, CD4+, and CD8+ lymphocytes, respectively. Panel D shows CD3+ cell counts 
at the indicated times after gene therapy, compared between the 20 patients enrolled in previous trials using the MFG-γc vector (open blue cir-
cles) and the 8 patients enrolled in the current trials using self-inactivating γ-retrovirus (SIN-γc) (solid black circles) (P = 0.28). Patient 3 was ex-
cluded because of high-level maternal engraftment. Panel E shows changes over time in naive CD4+CD45RA+ lymphocyte numbers. Panel F 
shows T-cell receptor diversity in T cells of 7 patients after gene therapy. The length of complementarity-determining region 3 (CDR3) in each indi-
cated T-cell receptor beta chain variable (TCRBV) gene family was measured after amplification with family-specific primers. The horizontal axis 
represents CDR3 length, and the vertical axis represents the frequency of sequences with a given CDR3 length; a Gaussian distribution of CDR3 
lengths is indicative of normal diversity. Panel G shows that vector copy number (VCN) in peripheral-blood CD3+ lymphocytes was detectable in  
7 patients and was sustained over time. Panel H shows T-cell proliferation in response to phytohemagglutinin (PHA), measured 6 months after 
gene therapy and at the last follow-up. Panels I and J show increases in CD3−CD56+ (natural killer) lymphocyte numbers in patients with CD34+ 
cells infused with a VCN of at least 0.7 copies per cell (Panel I) but not in those infused with a VCN of less than 0.7 copies per cell (Panel J).
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tients with a vector copy number in the CD34+ 
graft of at least 0.7 copies per cell had T-cell recon-
stitution, which was also heralded by an early rise 
in CD56+ NK cells (Fig. 1I). Patient 8, with a vector 
copy number of 0.53 copies per cell in the infused 
cells, had responsiveness to phytohemagglutinin 
after receiving gene-modified cells, but his T-cell 
numbers never exceeded 300 per cubic millimeter. 
He received a second infusion of gene-modified 
cells at 17.5 months after the first infusion and has 
remained clinically well.

Gene marking in CD3+ T cells (Fig. 1G) was 
sustained over time. Patients who had recovery 
of NK cell numbers also had gene marking in 
CD56+ NK cells (Fig. 1I, and Fig. S2 in the Sup-
plementary Appendix). In contrast, as expected 
in the absence of conditioning, minimal and 
variable levels of gene marking were detected in 
the B-cell or granulocyte lineages (0 to 0.17 and 
0 to 0.11 copies per cell, respectively), and a very 
low percentage of CD27+ memory B cells was 
detected at the most recent follow-up. The major-
ity of circulating B cells had an immature naive 
IgD+CD27− phenotype (Table 3). Among the seven 
patients, three had normal serum IgA levels for 

their age, and four had normal serum IgM levels 
for their age (Table 3). All patients currently 
continue to be treated with intravenous immune 
globulin. On the basis of historical data obtained 
in studies of other series of patients treated with 
gene therapy, we conclude that the SIN-γc vector 
and the MFG-γc vector have similar efficacy in the 
reconstitution of T cells, T-cell proliferative re-
sponses, and immunity.

Safety Analysis

No severe adverse events related to the gene-
transfer vector or cell manipulations have been 
reported to date in any of the children. The results 
of tests for the presence of replication-competent 
retrovirus have been uniformly negative. In the 
previous two trials, in which the MFG-γc vector 
was used, leukemia had a latency period of 2.0 to 
5.5 years.17-19 Our patients have been followed for 
12.1 to 38.7 months, with a median of 29.1 months 
of follow-up, and no leukemia has occurred to 
date. As a surrogate for leukemia at this earlier 
time point, we analyzed the genome for vector 
insertions affecting enhanced reconstitution, 
termed “clonal skewing.”32 We analyzed integra-

Patient 
No.

Time of 
Assessment CD3+ CD4+ CD8+

CD4+ 
CD45RA+

CD4+ 
CD45RA+ 

CD31+ Phytohemagglutinin TREC

Proliferation, 
Antigen-
Specific

mo after gene 
therapy cells/mm3 counts/min SI

no./105 
PBMCs counts/min

1 36 1275 493 527 49 19 16,500† 10 16 2,600,†‡
10,500§

2 35 3774 1527 1374 1009 765 219,836 1007 997 7,552†‡

3 30 6141 1246 3916 498 361 81,500 81 204 62,000¶

4 24 5135 2291 2449 1627 893 75,000‖ 499 663 20,500,**
19,000†

6 18 1389 689 689 252 237 118,586†† 408†† 1374 ND

8 15 154 102 25 41 58 104,122 666 191 2,237†‡

9 9 2331 851 814 706 485 88,000‡‡ 88 716 2,200†‡§§

*  Patient 5 died, and Patient 7 did not have reconstitution with gene-marked cells and was not included in the trial after 6 months. ND de-
notes not done, PBMCs peripheral-blood mononuclear cells, SI stimulation index, and TREC T-cell receptor excision circle.

†  The value was subnormal for proliferation in response to PHA or to antigens as measured at each institution.
‡  The test was for tetanus toxoid antigen.
§  The test was for varicella–zoster virus antigen.
¶  The test was for tuberculin antigen.
‖  The assay was performed at 20 months.
**  The test was for Candida albicans antigen.
††  The assay was performed at 12 months.
‡‡  The assay was performed at 7 months.
§§  The assay was performed at 4 months.

Table 2. Cellular Immunologic Outcome after Gene Therapy.*
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tion-site distributions from a total of 125 serial 
sorted peripheral-blood samples from eight pa-
tients enrolled in the current trial (Patient 5 was 
excluded) and compared the results with published 
data from patients in the first trials (pooled sam-
ples collected from 2 to more than 100 months 
after treatment). Data from the patients in the 
two previous trials showed no major differences 
and were therefore pooled.

The global distributions of integration sites 
were similar between the MFG-γc trials and the 
current trial, showing elevated frequency near tran-
scription start sites, gene-dense regions, and epi-
genetic marks associated with active transcription 
units (e.g., H3K4me1 and H3K4me3, H3K27me1, 
and RNA polymerase II) (Fig. 2A and 2B), and in-
tegration-site diversity was in the same range for 
all three trials (Fig. S3 in the Supplementary 
Appendix). Integration sites near gene-sparse re-
gions and heterochromatic marks (H3K27me3 
and H3K9me3) were recovered less frequently. 
Thus, the alterations to the SIN-γc vector did not 
have major effects on global associations of in-
tegration sites with these genomic features.

To investigate the potential influence of integra-
tion-associated enhanced proliferation in vivo, we 
used scan statistics25 to assess the possible en-
richment of integration clumps near genes such 
as LMO2 and CCND2 (a detailed report is provided 
in the Supplementary Appendix). In data from the 
first SCID-X1 trials with LTR-intact vectors, clus-
ters of integration sites were found near LMO2 and 
CCND2, which suggested that integration of the 
vector near these genes promoted clonal expan-
sion.17,19,27-29 Twenty-one clumps were found that 
differed between the MFG-γc trials and the current 
trial (false discovery rate, 0.041). The three highest-
scoring clumps contained more integration sites in 
samples from the MFG-γc trials. These highest-
scoring clumps were located near the 5′ ends of 
MECOM (EVI1 and MDS1 complex), CCND2, and 
LMO2 (Fig. 2C), all of which have been involved in 
adverse events in human gene therapy. Several ad-
ditional clumps near cancer-associated genes, in-
cluding the HOXB gene cluster, JARID2, HMGA2, 
and MCL1, were also found to be enriched in 
samples from the MFG-γc trials. Therefore, clumps 
enriched in integration sites upstream of cancer-
associated genes were significantly more frequent 
in samples from the MFG-γc trials than in samples 
from the current trial (P<0.001), which is consis-
tent with the idea that integration near these genes 
promoted clonal expansion or persistence.

The proportions of integration sites near other 
cancer-associated genes were also compared for 
each patient, and the mean proportions were com-
pared between trials. A highly significant differ-
ence was seen for comparisons of the proportions 
of integration sites near human lymphoid cancer 
genes (Fig. 2D; the full list is provided in the Sup-
plementary Appendix), with enrichment in the first 
SCID-X1 trials using MFG-γc both within genes 
and near transcription start sites (P≤0.006 for both 
comparisons). Comparison with a second, broad-
er list of cancer genes (not focused on lymphoid 
genes) also showed significant enrichment in 
samples from the first trial (P = 0.01 for enrichment 
within transcription units; the difference was not 
significant for enrichment near transcription start 
sites). We conclude that integration-site distribu-
tions were globally similar between the MFG-γc 
trials and the current trial, but peripheral-blood 
cell clones with vectors integrated near relevant 
cancer-associated genes were significantly more 
common in the first trial.

Discussion

In this trial, in which an SIN γ-retrovirus vector 
with deletion of strong viral enhancers was used to 
treat SCID-X1, eight of nine patients survived, and 
seven patients had clearance of infection, recovery 
of gene-marked T cells, evidence of naive T-cell 

Patient 
No.

Time of 
 Assessment CD19+

CD19+ 
CD27+ CD27+ IgA IgM

mo after gene 
therapy cells/mm3 % mg/dl

1 19 391† 22 2.0 206 109

2‡ 35 2118 155 7.3 139 180

3 30 2670 53 2.0 <5 91

4 24 2686 — — 15 24

6 18 891 127 14.3 <7§ 27§

8 12 381¶ 64 8.8 10 85

9 9 1332 — — <5 100

*  All patients received immune globulin replacement therapy. Patient 5 died, 
and Patient 7 did not have reconstitution with gene-marked cells and was not 
included in the trial after 6 months. 

†  The cell count was measured at 36 months.
‡  The patient was tested for tetanus antibody response after suspension of im-

mune globulin replacement for 3 months and three rounds of vaccination; the 
results were negative.

§  The assay was performed at 12 months.
¶  The cell count was measured at 15 months.

Table 3. Humoral Immunologic Outcome after Gene Therapy.*
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generation, and a diverse T-cell receptor repertoire. 
The kinetics of the recovery of T-cell numbers was 
similar to that in previous trials in which LTR-
based vectors were used. Future studies could 
compare T-cell recovery in the full cohort with that 
among recipients of alternative types of allogeneic 
transplants, to determine whether either approach 
leads to more rapid recovery of immunity.

Insertion analysis showed a polyclonal integra-
tion profile with reduced numbers of clones near 
known lymphoid proto-oncogenes and genes im-
plicated in serious adverse events in previous gene-
therapy trials.13-16 However, since leukemia was 
seen at a median of 33 months after gene therapy 
in the initial trial, the absence of leukemia must be 
considered a preliminary finding, because the ma-
jority of patients included in the analysis to date 
have been followed for less than 33 months. The 
distribution of insertion sites in circulating T cells 
reflects the composite of initial insertion sites in 
transduced CD34+ cells and in vivo selection. 
However, because the use of the SIN-γc vector 
did not have major effects on global associations 
of integration sites, the comparative results for 
integration-site profiles reported here suggest 
that the viral enhancer contained in the MFG-γc 
vector influenced either engraftment of T-cell 
progenitors or in vivo selection of T-cell clones 
containing insertions near proto-oncogenes.

Our observations are consistent with a model in 
which the integration of the enhancer-containing 
MFG-γc vector in the earlier trials increased ex-
pression at specific loci, resulting in outgrowth or 
persistence of specific cell clones. Subsequent ad-
ditional secondary genetic events may lead to leu-
kemogenesis, as noted in the previous SCID-X1 
trials.17-19,34,35 Alternative explanations are possible. 
Initial integration targeting could differ in the 
long-term repopulating cells; this cannot be as-
sessed directly, because these cells are a minority 
component of the initially transduced cell product. 
Although clumping was mostly in place in the pa-
tients in the first trials by 18 to 30 months after 
transplantation,29 clustering of integration sites in 
the patients in the current trial might not be evi-
dent in the time frame of the current analysis, even 
at more than 3 years since the infusion of cells. 
Long-term follow-up will clarify whether the inte-
gration-site profiles reported here are indeed cor-
related with improved safety for patients.13-16

In conclusion, the SIN γ-retrovirus vector was 
compatible with high-titer vector production in a 
clinical setting, with good transduction efficien-
cies overall, leading to transgene expression that 
restored immunity in the majority of patients 
treated in this trial. Specifically, we found that a 
modified γ-retrovirus vector retained efficacy in 
the treatment of SCID-X1 through the genera-
tion of a functional polyclonal T-cell repertoire. 
If long-term safety is confirmed, consideration 
might be given to the inclusion of low-dose con-

Figure 2 (facing page). Analysis of Integration-Site  
Distributions in Patients Treated with the SIN Vector.

Panel A shows a heat map summarizing the place-
ment of integration sites (data sets in columns) rela-
tive to mapped genomic features (in rows). Each col-
umn summarizes results for a pool of unique 
integration sites from all patients in each trial or the 
pretransplantation pools from patients in the current 
trial. Each row indicates a form of genomic annota-
tion; relevant databases are given in parentheses. 
Some associations were measured with the use of a 
sliding window of defined length; because the most 
meaningful length for comparison was often not 
known in advance, comparisons over multiple differ-
ent lengths are shown (indicated by numbers on the 
left). Colors indicate departures from random distri-
butions; darker shades of red indicate more strongly 
positive associations, and darker shades of blue indi-
cate more strongly negative associations, as com-
pared with the random distribution. Associations were 
summarized with the use of the receiver-operating-
characteristic (ROC) method. The integration frequen-
cy relative to gene activity (“Expressed genes”) was 
quantified as for gene density, but only genes in the 
1/16 highest expression category or top half expres-
sion category in 1-Mb intervals were counted. Panel B 
shows the distribution of integration sites relative to 
published mapped sites of epigenetic modification in 
hematopoietic progenitor cells (CD34+CD133+ cells).33 
Darker shades of blue indicate more strongly positive 
associations, and darker shades of yellow indicate 
more strongly negative associations, as compared 
with the random distribution. Panel C shows the three 
top-scoring clumps of integration sites, all of which 
were enriched in the trials with the MFG-γc vector rel-
ative to the current trial (a detailed description is pro-
vided in the report in the Supplementary Appendix). 
The numbers denote coordinates on the indicated 
chromosome; blue lines denote mapped transcripts, 
and vertical lines indicate the positions of integration 
sites from each trial (the MFG-γc trial in green and 
the SIN-γc trial in orange). Clumps were found at  
MECOM (top), CCND2 (middle), and LMO2 (bottom). 
Panel D shows the comparison of the frequencies of 
integration sites near the lymphoid proto-oncogenes. 
Each point represents an individual patient who has 
undergone gene therapy, and the P value of 0.003 is 
for the comparison between trials on a per-patient ba-
sis (i.e., each patient was analyzed as a single data 
point). The integration-site data sets are catalogued in 
the Methods section of the Supplementary Appendix.
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ditioning, to enhance the likelihood of sustained 
B-cell and NK-cell reconstitution.36,37 Our data 
also provide a comparison of integration sites of 
γ-retrovirus vectors with and without the U3 en-
hancer in otherwise identical human trials and 
will be informative with respect to integration data 
from trials in which lentivirus vectors are used.

Note added in proof: While this article was in 
production, the patients had been followed for a 
median of 33 months (range, 16 to 43). No leu-
kemia had occurred in any patient (see Fig. S4 in 
the Supplementary Appendix).
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