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Abstract

BACKGROUND—In previous clinical trials involving children with X-linked severe combined 

immunodeficiency (SCID-X1), a Moloney murine leukemia virus–based γ-retrovirus vector 

expressing 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 thereafter. The kinetics of CD3+ T-cell recovery was not significantly 

different from that observed in previous trials. Assessment of insertion sites in peripheral blood 

from patients in the current trial as compared with those in previous trials revealed significantly 
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less clustering of insertion sites within LMO2 , MECOM, and other lymphoid 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.)

X-linked severe combined immunodeficiency (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 cytokines, an absence of T-cell and natural killer (NK)–cell 

development, and impairment of B-cell function.1,2 Death from community-acquired or 

opportunistic infection usually occurs before 1 year of age unless allogeneic hematopoietic 

stem-cell transplantation (HSCT) is performed. The immunologic 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, transplantation with the use of mismatched related, 

matched unrelated, or umbilical-cord-blood donors or transplantation 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-generation Moloney murine leukemia virus vector expressing the γc 

complementary DNA (MFG-γc) and containing duplicated viral enhancer sequences within 

the long terminal repeats (LTRs). The therapy evaluated in these trials resulted in 

reconstitution 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 lymphoblastic 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 immunologic 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 directs ubiquitous expression in mammalian cells, and has 

previously been shown to be less mutagenic in vitro.20,21 Here we present interim results 

from a study of patients with SCID-X1 treated with this enhancer-deleted SIN-γc.

METHODS

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
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PATIENTS AND CLINICAL PROTOCOL

We enrolled nine boys with confirmed IL2RG mutations 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 patients in Boston, one patient in Cincinnati, and one patient in 

Los Angeles). At all sites, enrollment was offered for infants and children who either lacked 

a HLA-identical related or unrelated donor or had an active, therapy-resistant infection. In 

Paris, because of the different requirements 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 parents of all patients in accordance with local 

institutional 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 published 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 purified 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 patients in the current trial and were compared with 1.3×10 4 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 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 performed with the use of scan 

statistics,25 which allows analysis without assumptions about the genomic length of clumps 

or the number of integration sites involved. All integration-site data sets have been deposited 

in the National Center for Biotechnology Information Sequence Read Archive 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 related 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 applied,30 with the use of the quasi-likelihood under the 

independence-model-criterion statistic31 to identify the preferred model. A log10 

transformation 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 according to the intention-to-treat principle. P values were two-

sided, and values of less than 0.05 were considered to indicate statistical significance.
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RESULTS

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, maternal 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 surface 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 lymphoproliferation, 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 received 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 maternally 

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 

maternal graft-versus-host disease, which was manifested as diffuse erythroderma, without 

hepatic or gastrointestinal involvement. No myelosuppressive 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 t o 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 preexisting 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 reaction) in T cells; therefore, he received a 

mismatched umbilical-cord-blood transplant 8 months after gene therapy. At the most recent 

follow-up assessment, 15 months after transplantation, he was doing well. CD3+, CD4+, 
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and CD8+ T-cell recovery 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 previous 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 return of phytohemagglutinin-induced 

T-cell proliferation 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 

patients with a vector copy number in the CD34+ graft of at least 0.7 copies per cell had T-

cell reconstitution, 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 Supplementary 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 majority 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 

responses, 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 integration-site distributions from a total of 125 
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serial sorted peripheral-blood samples from eight patients enrolled in the current trial 

(Patient 5 was excluded) and compared the results with published data from patients in the 

first trials (pooled samples 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 transcription start sites, gene-dense regions, 

and epigenetic marks associated with active transcription units (e.g., H3K4me1 and 

H3K4me3, H3K27me1, and RNA polymerase II) (Fig. 2A and 2B), and integration-site 

diversity was in the same range for all three trials (Fig. S3 in the Supplementary Appendix). 

Integration sites near gene-sparse regions 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 integration sites with these genomic features.

To investigate the potential influence of integration-associated enhanced proliferation in 

vivo, we used scan statistics25 to assess the possible enrichment 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, clusters of 

integration sites were found near LMO2 and CCND2 , which suggested that integration of 

the vector near these genes promoted clonal expansion.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 additional clumps near cancer-associated 

genes, including 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 consistent 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 compared between trials. A highly 

significant difference was seen for comparisons of the proportions of integration sites near 

human lymphoid cancer genes (Fig. 2D; the full list is provided in the Supplementary 

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, 

broader 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 distributions 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.

Hacein-Bey-Abina et al. Page 6

N Engl J Med. Author manuscript; available in PMC 2015 April 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



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 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 integration profile with reduced numbers of clones 

near known lymphoid proto-oncogenes and genes implicated in serious adverse events in 

previous genetherapy 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 majority 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 expression at specific loci, resulting 

in outgrowth or persistence of specific cell clones. Subsequent additional secondary genetic 

events may lead to leukemogenesis, 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 assessed directly, because these cells are a minority 

component of the initially transduced cell product. Although clumping was mostly in place 

in the patients 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 evident 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 integration-site profiles reported here are indeed correlated 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 efficiencies 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 generation of a functional polyclonal T-cell repertoire. If long-term 

safety is confirmed, consideration might be given to the inclusion of low-dose conditioning, 

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 
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enhancer in otherwise identical human trials and will be informative with respect to 

integration data from trials in which lentivirus vectors are used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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 circles) 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 excluded 

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 
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7 patients after gene therapy. The length of complementarity-determining region 3 (CDR3) 

in each indicated 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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Figure 2. Analysis of Integration-Site Distributions in Patients Treated with the SIN Vector
Panel A shows a heat map summarizing the placement of integration sites (data sets in 

columns) relative to mapped genomic features (in rows). Each column 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 annotation; 

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 different lengths are shown 
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(indicated by numbers on the left). Colors indicate departures from random distributions; 

darker shades of red indicate more strongly positive associations, and darker shades of blue 

indicate more strongly negative associations, as compared with the random distribution. 

Associations were summarized with the use of the receiver-operating-characteristic (ROC) 

method. The integration frequency 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 expression 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 relative to the current trial (a detailed description is provided 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 basis (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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