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We	treated	10	children	with	X-linked	SCID	(SCID-X1)	using	gammaretrovirus-mediated	gene	transfer.	Those	
with	sufficient	follow-up	were	found	to	have	recovered	substantial	immunity	in	the	absence	of	any	serious	
adverse	events	up	to	5	years	after	treatment.	To	determine	the	influence	of	vector	integration	on	lymphoid	
reconstitution,	we	compared	retroviral	integration	sites	(RISs)	from	peripheral	blood	CD3+	T	lymphocytes	
of	5	patients	taken	between	9	and	30	months	after	transplantation	with	transduced	CD34+	progenitor	cells	
derived	from	1	further	patient	and	1	healthy	donor.	Integration	occurred	preferentially	in	gene	regions	on	
either	side	of	transcription	start	sites,	was	clustered,	and	correlated	with	the	expression	level	in	CD34+	pro-
genitors	during	transduction.	In	contrast	to	those	in	CD34+	cells,	RISs	recovered	from	engrafted	CD3+	T	cells	
were	significantly	overrepresented	within	or	near	genes	encoding	proteins	with	kinase	or	transferase	activ-
ity	or	involved	in	phosphorus	metabolism.	Although	gross	patterns	of	gene	expression	were	unchanged	in	
transduced	cells,	the	divergence	of	RIS	target	frequency	between	transduced	progenitor	cells	and	post-thymic	
T	lymphocytes	indicates	that	vector	integration	influences	cell	survival,	engraftment,	or	proliferation.

Introduction
Retroviral vectors have been widely used in human HSC gene 
therapy trials because they stably integrate into the genome and 
therefore provide an opportunity for sustained clinical effect. 
This principle has been applied successfully to treat inherited 
immunodeficiencies including X-linked SCID (SCID-X1) (1–3), 
adenosine deaminase–deficient SCID (4–6), and, more recently, 
X-linked  chronic  granulomatous  disease  (7).  Despite  highly 
encouraging results, evidence has accumulated in animal and 
human studies that mutagenic side effects occur as a direct result 
of vector integration (8–12). It has therefore become of particular 
importance to understand the risks of harmful mutagenesis and 
to define the patterns of retroviral insertion that may predispose 
to these events.

Recent studies have shown that the distribution of retroviral 
integration sites (RISs) within the genome is not arbitrary and is 
variable in pattern depending on the nature of the virus or vector. 

Murine leukemia virus– (MLV-), HIV-1–, and avian sarcoma leuke-
mia virus–based (ASLV-based) vectors exhibit quite distinct target 
site preferences (13). Gammaretroviral vectors and HIV-1–based 
lentiviral vectors both preferentially integrate into gene coding 
regions (14), although gammaretroviruses particularly favor a 
5–kilobase pair (5-kbp) window on either side of the transcrip-
tion start site (TSS) (15). In contrast, ASLV exhibits only a weak 
preference for genes. The mechanisms that dictate the differential 
integration site patterns have not been clearly elucidated, but may 
depend to some extent on the accessibility of euchromatin to the 
preintegration complex, the transcriptional activity of the locus, 
and binding or tethering to specific DNA sequences via host pro-
teins at the sites of insertion (16). It is therefore likely that inte-
gration patterns may also be skewed by the nature and activation 
status of the target cell.

Although integration patterns are easily defined in homoge-
neous cell populations in vitro, the influence of integration when 
measured in complex in vivo situations is more relevant for our 
understanding of the risks of harmful mutagenesis. In HSC gene 
therapy, starting cell populations that are transduced ex vivo 
are heterogeneous, and the minority of progenitor cells among 
them that do engraft are subject to postengraftment influences 
that dictate survival, homing to appropriate microenvironmental 
niches, and subsequent differentiation and proliferation in vivo. 

Nonstandard	abbreviations	used: common γc, γ chain; CIS, common integration 
site; GO, gene ontology; kbp, kilobase pair(s); LAM-PCR, linear amplification–medi-
ated PCR; LTR, long-terminal repeat; MLV, murine leukemia virus; Pt, patient; RIS, 
retroviral integration site; SCID-X1, X-linked SCID; TSS, transcription start site.
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As a result, substantial selection pressure may favor specific ret-
roviral insertions if they change the expression of one or several 
cellular genes, thereby influencing the biological fate of a cell clone 
over and above (or even cooperating with) any selective advantage 
arising from successful expression of the vector transgene. In this 
study we performed high-throughput analysis to examine RISs 
patterns in post-thymic CD3+ T cells following successful treat-
ment of SCID-X1 and compared them with those of freshly trans-
duced CD34+ cells. Significant changes in RISs distribution among 
engrafted compared with pretransplant cell populations demon-
strate that vector insertion influences the biological characteristics 
of a significant percentage of transplanted cells.

Results
Successful recovery of immunity following gammaretrovirus-mediated 
gene therapy. Ten patients with molecularly defined SCID-X1 were 
treated by retrovirus-mediated gene transfer to autologous bone 
marrow CD34+ progenitor cells (Table 1). Details of the gibbon 
ape  leukemia  virus–pseudotyped  (GALV-pseudotyped)  vector 
and transduction conditions have been published previously (2) 
and were unchanged for the duration of the study. Between 60 
and 207 × 106 cells were infused in the absence of conditioning, 
of which 20%–60% were estimated (in patients with null muta-
tions) to be positive for CD34 and common γ chain (γc). Where 
possible to evaluate, all patients experienced substantial immu-
nological recovery, usually with normalization of T cell numbers 
(s 1A), TCRVβ diversity, and proliferative responses in vitro (data 
not shown). In most patients with sufficient follow-up, this was 
accompanied by recovery of humoral immunity and withdrawal of 

immunoglobulin supplementation. The lev-
els of functional cell surface γc on engrafted 
CD3+ populations were generally less than 
in control cells, and there was no selection 
for higher expressing cells over time in any 
patient (Figure 1B and data not shown). The 
average  transgene copy number  in CD3+  
T cells from all patients was determined by 
quantitative PCR on sorted populations to 
be 1 (data not shown). No serious adverse 
events were documented, and all patients 
are clinically well at home.

Distribution analysis of retroviral vector inser-
tions in transduced CD34+ cells and engrafted 
patient CD3+ T cells. Linear amplification–
mediated  PCR  (LAM-PCR)  (17, 18)  and 
high-throughput sequencing of insertion 
sites was performed on DNA isolated from 
purified  peripheral  blood  CD3+  T  cells 

derived from 5 patients (obtained >9 months after gene therapy) 
and compared with DNA from transduced CD34+ cells of patient 6 
(Pt6; preengraftment sample) and of a healthy donor (transduced 
under identical conditions). In total, 439 unique insertion sites 
were isolated from postengraftment CD3+ T cell populations, of 
which 304 could be mapped exactly to the human genome (see 
Methods). Similarly, 134 and 140 unique mappable sites were 
isolated from transduced preengraftment CD34+ cells and trans-
duced CD34+ cells from a healthy donor, respectively (Table 2 and 
Supplemental Table 1; supplemental material available online 
with this article; doi:10.1172/JCI31661DS1). The chromosomal 
distribution of RISs was analyzed to determine the relationships 
among chromosome size, gene density, and insertion frequency. 
For each of the human chromosomes, the number of integra-

Table 1
Clinical trial patient details

Patient	 Age	at		 Follow-up	 Mutation	 γc	 Total	cells	 Clinical	
	 therapy	(mo)	 (mo)	 	 Expression	 infused	(× 106)	 status
Pt1 10 59 R289X Normal 180 AWA

Pt2 10 55 S238N Absent 180 AW
Pt3 4 50 Y125C Minimal 78 AWA

Pt4 36 42 R289X Normal 115 AWA

Pt5 10 30 R222C Normal 200 AWA

Pt6 10 27 PolyA Absent 200 AWA

Pt7 6 20 M1i Absent 84 AWA

Pt8 13 6 C182Y Subnormal 207 AW
Pt9 7 2 S108P Subnormal 160 AW
Pt10 12 0 Del Absent 60 AW

Clinical and molecular parameters of T cell recovery for 10 consecutive patients, including the 
molecular diagnosis. AW, alive and well; Del, gene deletion. APatient no longer required prophylac-
tic immunoglobulin replacement. 

Figure 1
Functional restoration of immunity. (A) Lymphocyte recovery in 
patients after treatment in the clinical trial. CD3+ counts were obtained 
for each patient at regular time points after treatment. All patients 
demonstrated an increase in lymphocyte count, albeit varied, that was 
stable over time. (B) Surface expression of γc protein. Expression of 
γc on CD3+ T cells was determined 25 months after treatment for Pt6, 
who had no cell-surface γc protein before gene therapy. The isotype 
is a negative control, which shows levels of background fluorescence. 
The control, a healthy donor, demonstrates normal levels of γc expres-
sion on the cell surface.
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tions was not related to the size of the chromosome, whereas a 
correlation between gene content and insertion number in CD34+ 
progenitor cell and posttransplantation CD3+ T cells was evident 
(Figure 2A). This suggests that integration is dependent on the 
gene density of a chromosome, rather than its size. Given the num-
ber of genes in the human genome and assuming random integra-
tion, 25% of RISs would be expected to fall into or within a 10-kbp 
window around RefSeq genes, which account for approximately 
one-third of the human genome. The actual frequency of inser-
tions within these genes (44%) and including the 10-kbp window 
up- and downstream (64%) was significantly higher, although sim-
ilar, for all cell populations (Table 2). This indicates that in these 
treated cell populations, genes are preferred targets over noncod-
ing regions for integration of MLV vectors.

Recent studies in cell lines and primary cells have demonstrated 
a preferred integration of MLV-based gammaretroviral vectors near 
the region of the TSS (13, 15, 19, 20). Here, we observed a similar pref-
erence for transduced CD34+ cells from a healthy donor, transduced 
preengraftment CD34+ progenitors, and postengraftment CD3+ T 
cells (Figure 2B and Table 2): 29%, 25%, and 23% of RISs, respectively, 
were located within 5 kbp of the TSS. When the entire region of the 
targeted RefSeq gene was examined, the frequency of integration 
decreased with distance from the TSS (Figure 2C). As previously 
shown by Wu et al. for HeLa cells in vitro (15), CpG islands and a sur-
rounding 1-kbp genomic region also represented preferred targets of 
vector integration, harboring 24% and 13% of all integrants derived 
from the patient pre- and posttransplantation samples, respectively, 
and 14% in transduced healthy donor CD34+ cells.

Insertions are clustered in common integration sites. In order to define 
whether there was preferential insertion or selection of insertions 
at specific genomic loci, mapped insertions were examined for com-
mon integration sites (CISs) (Table 3). CISs have been defined as 
integrations into the same intergenic locus in 2 different cells or 
samples that are not more than 30 kbp apart from each other (21). 
To maintain a high degree of stringency, we followed this definition, 
but counted 2 integrants as a CIS including intragenic location of 
integrants. Accordingly, an average of 38 of the 578 (6.6%) exactly 
mappable RISs found in all cell populations were located in CISs 
(Table 3). Within the same cell fraction (engrafted CD3+ T cells, 
preengraftment CD34+ cells from Pt6, and healthy donor CD34+ 
cells), each CIS was composed of 2 RISs: 30 of 304 RISs (9.9%) from 
CD3+ T cells, 6 of 140 RISs (4.3%) from transduced normal CD34+ 
cells, and 2 of 134 RISs (1.5%) from preengraftment CD34+ cells. 
These findings were analyzed by performing computer simulations 
to compare the likelihood of random CIS occurrence based on the 
size of the human genome with the number of CISs detected in real 

samples (Supplemental Table 2). By this analysis, the number of 
CISs in engrafted CD3+ cells was significantly greater than expected 
(P < 0.0001). Also, in CD3+ T cells, 16 RISs located in CISs were 
intergenic, 12 RISs were intragenic, and 2 RISs were located in and 
near a RefSeq gene. Of the intragenic CISs, 12 RISs were detected in 
intron 1 of the affected genes, and 1 RIS was detected in intron 4. In 
normal CD34+ progenitor cells, 2 intergenic RISs, 2 intragenic RISs, 
and 2 intergenic/intragenic RISs were located in CISs, of which 3 
RISs were located in the first intron of the genes involved. In preen-
graftment CD34+ cells from Pt6, only 1 CIS consisting of 2 RISs 
was detected in the first intron of a gene.

RISs in relation to gene expression levels. To determine whether gene 
expression was globally altered in postengraftment CD4+ T cells 
(which by default contain 1 RIS each) as a result of vector integra-
tion, expression profiles were compared with an untransduced age-
matched control using an Affymetrix U133A microarray. The sen-
sitivity of the assay was low because of the polyclonal nature of the 
sample, but no gross disturbance of gene expression was observed 
(Figure 3A). To assess whether the expression of the 96 probesets 
exceeding the log2 fold change >2 threshold could be caused by 
RISs, the distance of the RIS to the significantly expressed genes 
was calculated. For 77 of 96 probesets, a closest RIS could be deter-
mined. The smallest distance observed was 112 kbp, and in only 
6 cases was the distance smaller than 1 Mbp. Because the largest 
distance reported for a RIS influencing gene expression is 90 kbp 
(22), we conclude that significant differences in expressed probe-
sets in the patients likely represent individual variation rather than 
differential expression caused by the RIS (Figure 3B).

As  MLV-based  vectors  are  known  to  favor  highly  expressed 
genes for integration, we hypothesized that a correlation might 
exist between the gene expression profile obtained in transduced 
CD34+ progenitors and the genes discovered in the RIS analysis on 
engrafted CD3+ T cells. For a statistical analysis of this relationship, 
genes were organized into 10 bins according to their relative expres-
sion levels on Affymetrix U133 Plus 2.0 microarray. The number of 
integrations in or closest to each gene of the bins was calculated. 
The integration sites observed in the peripheral CD3+ T cells of 5 
patients were found at a higher frequency in genes that were more 
highly expressed in representative purified CD34+ progenitor cell 
populations during transduction (P = 8.5 × 10–13 for CD34+ PBMCs; 
Figure 3C). Interestingly, the distribution of RISs in CD3+ T cells 
from a single patient, Pt1, also demonstrated a clear correlation  
(P = 5.7 × 10–4) with gene expression patterns in a matching CD4+ 
T cell population from the same patient (Figure 3D), presumably 
a reflection of the shared portion of the gene expression pattern of 
mature T cells and their immature progenitors.

Table 2
Genomic distribution of all mappable RISs

	 Patients	(post)	 Pt6	(pre)	 Healthy	donor	 Total
Exactly mappable RISs 304 (100) 134 (100) 140 (100) 578 (100)
RISs in RefSeq genes 126 (41) 60 (45) 69 (49) 255 (44)
RISs in RefSeq genes including the 10-kbp surrounding region 188 (62) 88 (66) 95 (68) 371 (64)
RISs near TSSs (± 5 kbp) 69 (23) 33 (25) 41 (29) 143 (25)
RISs close to CpG islands (± 1 kbp) 39 (13) 32 (24) 20 (14) 91 (16)

Cumulative genomic distribution of RISs detected in peripheral blood T cells from 5 patients, preengraftment CD34+ cells from Pt6, and transduced CD34+ 
cells from a healthy donor. RISs are shown as absolute number (percent) of the exactly mappable sequences for each category. post, RISs derived from 
samples after engraftment; pre; RISs derived from preengraftment.
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Oncogenes and tumor suppressor genes. A total of 475 genes anno-
tated with “tumor suppressor gene” and 390 genes annotated 
with “oncogene” were  identified from Entrez Gene and were 
searched for in the RISs data set, and 11 oncogenes and 14 tumor 
suppressor genes were found (Supplemental Table 1). STAT3, 
RUNX1,  BCL2,  and  HIF1A  are present  in both oncogene and 

tumor suppressor gene categories. The T cell acute lymphocytic 
leukemia (T-ALL) oncogenes LMO2, TAL1, TAN1, LCK, LMO1, 
HOX11, HOX11L2, LYL1, TAL2, and C-MYC were not present in 
the RIS data sets.

Gene ontology annotation. To determine the biological charac-
teristics of RefSeq genes containing a RIS either within the gene 

Figure 2
Genomic distribution of RISs. (A) The relationship of chromosome size, number of known genes, and RIS frequency. Values for chromosome 
lengths are shown as a percentage of the total genome size. Values for gene density are shown as a percentage of all genes from the genome. 
Values of RISs are shown as a percentage of RISs from the corresponding fraction. White bars, autosome length, which was counted twice to 
allow for the diploid status of hematopoietic cells (X and Y chromosomes were counted once only); light gray bars, gene density of each chromo-
some; medium gray bars, RISs detected in CD34+ cells from a healthy donor; dark gray bars, RISs detected in pretransplant CD34+ cells from 
Pt6; black bars, RIS detected in patients’ engrafted cells. (B and C) RISs location related to RefSeq genes. All mappable insertions detected 
in different fractions are shown as a percentage of all insertions derived from the corresponding fraction. Medium gray bars, RISs derived from 
transduced CD34+ cells of a healthy donor; dark gray bars, RISs derived from transduced preengraftment CD34+ cells from Pt6; black bars, 
RISs derived from patients’ engrafted cells. RefSeq gene, RISs in gene region. (B) RISs distribution 10 kbp up- and downstream of TSSs. Up, 
upstream of TSSs. (C) RISs in and near gene coding regions. RISs locations inside genes are expressed as the percentage of the overall length 
of each individual vector targeted gene. –5 kbp, all RISs located 5 kbp upstream of TSSs; +5 kbp, all RISs located 5 kbp downstream of RefSeq 
genes; Down, downstream of RefSeq genes.
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or within the neighboring 10-kbp window, these were analyzed 
according to gene ontology (GO) terms. Characterization of 175 
RefSeq genes derived from postengraftment CD3+ T cells revealed 
a significant overrepresentation of genes that encode proteins 
with kinase or transferase function and phosphorylation activ-
ity compared with that expected by random integration over the 
whole genome (Table 4). In contrast, analysis of 92 RefSeq genes 
from transduced normal CD34+ cells revealed that genes encoding 
proteins with cytokine binding or enzyme activator activity and 
genes involved in defense responses harbored significantly more 
RISs (Table 4). Analysis of 86 RefSeq genes from preengraftment 
CD34+ cells showed an overrepresentation of genes encoding pro-
teins with SH3/SH2 adaptor protein activity, receptor signaling 
proteins, or proteins controlling GTPases as well as genes whose 
products are involved in biological processes like RAS protein– 
and small GTPase–mediated signal transduction (Table 4).

Discussion
The RISs profile in peripheral CD3+ T cells derived from patients 
successfully treated by gene therapy for SCID-X1 showed inter-
esting differences compared with transduced cells prior to trans-
plantation. To date, most large-scale RISs analyses have been con-
ducted in cell lines and primary cells in vitro (13–15). Although 
large amounts of information concerning the preferred sites of 
viral integration have been amassed, the data may be skewed by 
the use of aneuploid cells and cell lines with atypical gene expres-
sion patterns. Likewise, it is possible that the distribution of RISs 
determined from in vivo samples may have been strongly influ-
enced by expansion or deletion of cells as a result of vector-specific 
or host contextual influences. Overall, the distribution of RISs in 
patient materials is consistent with earlier descriptions of prefer-
ential integration around TSSs of RefSeq genes both in vitro and 
in myeloid cells and transduced T cells recovered from patients 

Table 3
CISs detected in all cell samples analyzed

Patient	 SourceA	 Chromosome	 RefSeq	gene	 5′	of	TSS	(bp)B	 3′	of	TSS	(bp)C	 IntronD	 3′	of	RefSeq	gene	(bp)E	 UCSC	locusF

Pt2 Post 2p15 B3GNT1 14710    62383086
Pt2 Post 2p15 B3GNT1 14191    62383605
Pt1 Post 20q13.2 BCAS1    8358 53237581
Pt1 Post 20q13.2 BCAS1    2307 53243632
Pt2 Post 19q13.32 BCL3 7654    49936227
Pt2 Post 19q13.32 BCL3 3255    49937616
Pt1 Post 1q32.2 CD34  20481 4  205147833
Pt1 Post 1q32.2 CD34  7313 1  205160901
Pt3 Post 11q21 FN5  11636 1  92953031
Pt3 Post 11q21 FN5  11339 1  92953328
Pt1 Post 19q13.31 KCNN4  2388 1  48974861
Pt2 Post 19q13.31 KCNN4  3011 1  48974238
Pt3 Post 8q11.23 LOC115294 35852    52859609
Pt3 Post 8q11.23 LOC115294 35924    52859681
Pt2 Post 2q37.3 LRRFIP1 3273    238884406
Pt2 Post 2q37.3 LRRFIP1 3205    238884474
Pt3 Post 4q31.1 MAML3  60909 1  141591951
Pt3 Post 4q31.1 MAML3  60822 1  141592038
Pt1 Post 10p11.23 MAP3K8    36329 30791096
Pt1 Post 10p11.23 MAP3K8    39821 30794588
Pt1 Post 12p11.22 MLSTD1  17400 1  29285265
Pt5 Post 12p11.22 MLSTD1  16713 1  29284578
Pt4 Post 6p24.2 NEDD9 150399    11491283
Pt5 Post 6p24.2 NEDD9 157120    11498004
Pt3 Post 20q13.12 PRKCBP1  479 1  46670417
Pt5 Post 20q13.12 PRKCBP1 5009    46675905
Pt2 Post 4p12 TEC  21977 1  48165379
Pt2 Post 4p12 TEC  21779 1  48165577
Pt1 Post 1q21.3 TSRC1    5581 147755571
Pt4 Post 1q21.2 TSRC1    6239 147756234
Pt6 Pre 11q13.4 FLJ20625  3546 1  71537084
Pt6 Pre 11q13.4 FLJ20625  1756 1  71538874
HD Pre 2p11.2 CAPG  4496 1  85607518
HD Pre 2p11.2 CAPG  3717 1  85608297
HD Pre 10q11.21 HNRPF  643 1  43187977
HD Pre 10q11.21 HNRPF 10998    43199618
HD Pre 17q21.32 MYL4 4830    45756236
HD Pre 17q21.32 MYL4 1573    45759493

All CISs within 1 cell fraction (engrafted cells, freshly transduced patient cells, and healthy donor cells) were formed of 2 individual integrants. The RefSeq 
gene closest to the individual insertions were listed. HD, healthy donor. ARISs detected in a pre- or post-transplantation sample. BRISs upstream of TSS. 
CRIS in gene. DNumber of intron in which RIS is located. ERIS downstream of RefSeq gene. FRIS locus. 
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in other human clinical trials (7, 23). Remarkably, the distribu-
tion of RISs in CD3+ T cells correlated well with that of trans-
duced CD34+ progenitors, in which integration is clearly favored 
for highly expressed genes. This pattern therefore persists even 
though it is likely that the majority of pretransplantation cells 
have no long-term engraftment potential. Furthermore, develop-
ing T cells have undergone extensive selection within the thymus 
as well as post-thymic antigen-mediated clonal expansion. Gene 
expression patterns were also essentially identical to those of nor-
mal CD3+ T cells. It therefore appears that retroviral insertion 
does not cause major global disturbances, although perturbation 
of gene expression at a single locus would not be measurable in 
this setting. However, this does indicate that there are no major 
disturbances of T cell development or function as a result of non-
physiological regulation of transgene expression from the vector 
promoter and enhancer sequences.

On a more subtle level, however, GO analysis of RefSeq genes car-
rying insertions within a 10-kbp window revealed divergence from 
what would be expected from a semirandom distribution and differ-
ences between transduced CD34+ progenitor cells and postengraft-
ment CD3+ T cells. The frequency of CISs was specifically increased 
in the engrafted T lymphocyte population. It therefore seems likely 
that within a generally conserved pattern of vector insertion, there 
is skewing as a result of either host- or vector-specific influences. 
For example, RISs that result in preferential cell survival (through 
homing, engraftment, or proliferative advantage) may be overrep-
resented and may favor the appearance of CISs. This may arise as a 
result of inadvertent gene activation, as has been noted in murine 
and nonhuman primate recipients of gammaretrovirus-transduced 
stem and progenitor cell populations (10, 24). In a recent clinically 
successful trial of gene therapy for chronic granulomatous disease, 
it was demonstrated by high-throughput sequencing of RISs and 

Figure 3
Comparative analysis of vector integration and gene expression. (A and B) MvA plots for all probesets and probesets closest to RISs in Pt1 and 
healthy donor. (A) RNA expression determined by Affymetrix U133A microarray of CD3/CD28-stimulated CD4+ cells of Pt1. All 22,283 probesets 
on the array are shown in blue. Of these, 3,173 were significantly different in Pt1 versus control (P < 0.05, adjusted Sidak step-up; red), cor-
responding to 1,549 upregulated and 1,624 downregulated genes. 96 probesets (65 upregulated and 16 downregulated) genes exceeded log2 
fold change of 2. None of these were associated with RISs. (B) MvA plots for 200 probesets (blue) describing 134 genes closest to RISs in Pt1. 
Expression in 48 probesets was significantly different (red), corresponding to 17 upregulated and 19 downregulated genes. Most differences 
were marginal; only 5 of these probesets — describing FLJ10986 and SPTLC2 (upregulated), and ITGAL, PDCD4, and DPH5 (downregulated) 
— had log2 fold changes between 1.5 and 2. (C) Comparative analysis of gene expression in CD34+ cells stimulated under transduction condi-
tions and RISs retrieved from engrafted CD3+ cells in 5 patients and (D) comparison of gene expression in engrafted CD4+ T cells and RISs 
retrieved from corresponding CD3+ population of Pt1. There was a significant correlation between gene expression and the number of integra-
tion events, as expected, although less pronounced. All genes on the array were organized into 10 bins according to expression levels, and the 
number of integrations was calculated for each category. The number of genes in each expression level category assuming uniform random 
distribution is shown by horizontal line.
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expression analyses that insertions in PRDM16, MDS1/EVI1, and 
SETBP1 led to an upregulation of these genes and conferred a selec-
tive growth advantage to affected cells without signs of malignancy 
(7). In this study we did not observe clonal outgrowth in vivo (over 
and above normal T cell receptor clonal diversity), although the 
occurrence of increased numbers of CISs in CD3+ T cells may be an 
indicator of similar effects. The profound growth advantage con-
ferred by successful expression of γc to immature CD3– thymocytes 
and to all mature CD3+ T cells may, however, obscure other, more 
subtle influences. Consideration should also be given to the pos-
sibility that RIS patterns may be skewed in a negative way through 
transgene silencing, as has been previously noted for gammaret-
roviral vectors (25–27), although there is of course no direct evi-
dence for this phenomenon in this study as it would preclude T 
cell development and compromise survival. Finally, it is possible 
that antigen-mediated skewing of the T cell repertoire would alter 
the representation of RISs, although this is unlikely because TCR 
diversity is highly polyclonal.

Considerable attention has been focused on the development of 
malignant lymphoproliferation in 3 patients treated using a similar 
gene therapy protocol similar to that for SCID-X1 (8). Inadvertent 
activation of the T cell protooncogene LMO2 contributes, at least in 
part, to the clonal expansion through insertional mutagenesis. We 

have screened a large number of randomly cloned RISs from CD3+ T 
cells and tracked LMO2 integrations in a total of 500 ng sample DNA 
derived from 3 patients corresponding to approximately 75,000 
transduced cells, but have been unable to detect CISs or RISs at the 
LMO2 locus, which suggests that there may be true differences in the 
frequency of LMO2-related insertions between trials. However, the 
overall genomic integration site distribution (chromosomal distri-
bution, proportion of targeting events in RefSeq genes, and prefer-
ence for TSS) in both studies is very similar (28). GO analysis of tar-
geted genes in engrafted CD3+ cells revealed an overrepresentation 
of the same categories in both studies, namely phosphorus metabo-
lism and kinase and transferase activity. In contrast, the frequency of 
CISs in CD3+ T cells and, strikingly, in preengraftment CD34+ cells 
was much lower in this study, suggesting that any differences may 
have arisen during the transduction process, for example, as a result 
of differences in cytokine concentrations or vector pseudotype. To 
address this issue at least in part, we analyzed gene expression in 
CD34+ cells cultured according to each transduction protocol in 
the absence of vector supernatant. No significant differences were 
detected (data not shown), indicating that divergent cell culture 
conditions did not lead to major differences of gene expression that 
could have influenced the RIS distribution. It is not clear whether 
patients treated in our study are at the same risk of developing lym-

Table 4
GO analysis

	 Molecular	function	 Biological	process

Level	 Category	 List	hitsA	 P	 Level	 Category	 List	hitsA	 P

Postengraftment
2 Kinase activity 21 0.0000016 5 Protein amino acid phosphorylation 16 0.0000254
4 Phosphotransferase activity,  18 0.00000944 3 Phosphorus metabolism 19 0.0000326 
 alcohol group as acceptor
3 Protein kinase activity 16 0.0000186 4 Phosphate metabolism 19 0.0000326
3 Transferase activity, transferring 19 0.0000437 5 Phosphorylation 16 0.0000831 
 phosphorus-containing groups
4 Protein serine/threonine kinase activity 12 0.000115 4 Protein modification 22 0.000143

Preengraftment

5 SH3/SH2 adaptor protein activity 3 0.000925 5 RAS protein signal transduction 3 0.00026
4 Transmembrane receptor protein  3 0.000997 5 Small GTPase–mediated signal  6 0.000524 
 tyrosine kinase docking protein activity    transduction
3 Transmembrane receptor protein  3 0.00141 4 Intracellular signaling cascade 10 0.0041 
 tyrosine kinase signaling protein activity
3 Small GTPase regulatory/interacting  4 0.00239 
 protein activity
2 Receptor signaling protein activity 4 0.00852

Healthy	donor

3 Cytokine binding 3 0.00382 3 Cellular defense response 5 0.000143
2 Enzyme activator activity 4 0.00935 4 Response to biotic stimulus 13 0.000515
    4 Response to pest/pathogen/parasite 9 0.000581
    3 Immune response 11 0.00126
    5 Defense response 11 0.0028
    4 Response to wounding 6 0.00282

Each vector targeted gene was classified in defined categories of molecular function and biological process. For each cell fraction (engrafted cells and 
freshly transduced patient and healthy donor cells), the most significant overrepresented gene categories are shown. P values (Fisher exact test) show the 
significance of the overrepresentation of RefSeq genes belonging to a single category. Levels indicate the specificity and coverage of the GO declaration: 
level 1 is the most general and provides the highest coverage; level 5 offers more specific information and less coverage. ANumber of analyzed RefSeq 
genes that fall within the corresponding category.
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phoproliferation, as the follow-up period was relatively short and 
the majority of our patients has not reached the 34-month mani-
festation time point typical of the previously described lymphopro-
liferations. However, this outcome may also be influenced by effec-
tive engrafting cell dosage, the kinetics of T cell reconstitution, and 
other undefined host factors. To improve our understanding of the 
nature of the hematopoietic reconstitution, in future trials it will be 
necessary to prospectively analyze clonal composition and evolution 
of transduced hematopoiesis in more detail. Clonality analysis and 
tracking of the vector is in many ways the equivalent to the pharma-
codynamic studies of regular drug development.

Our data show that even without obvious side effects, there 
are indeed vector insertion–induced influences on engraftment, 
clonal proliferation, and survival. Delineation of RISs in clinical 
gene therapy trials such as the present study provides important 
information on the biology of vectors in vivo and on the way in 
which they interact with host genes and environment. Ultimately 
this has major implications for clinical efficacy and safety as well 
as for rationalization of vector design.

Methods
Transduction of CD34+ progenitor cells. CD34+ cells were purified using mag-
netic bead sorting (CliniMACS) from bone marrow harvested under gen-
eral anesthetic. Cells were preactivated for 40 hours in the presence of 
cytokines (300 ng/ml SCF, 100 ng/ml TPO, 20 ng/ml IL-3, and 300 ng/ml 
FLT3-ligand; R&D Systems) and then transduced on 3 sequential occasions 
over the next 56 hours in gas-permeable cell culture containers. Serum-free 
conditions were maintained during the entire ex vivo culture period. The 
clinical-grade gammaretroviral vector (containing intact Moloney MLV 
long-terminal repeat [LTR] sequences) was pseudotyped with a gibbon ape 
leukemia virus envelope and produced in PG13 cells (BioReliance).

Trial approval and patient consent.  The  gene  therapy  protocol  was 
approved by the Gene Therapy Advisory Committee, London, United 
Kingdom; the Medicine and Healthcare products Regulatory Agency, 
London, United Kingdom; and the local institutional research ethics 
committee, Great Ormond Street Hospital for Children, NHS Research 
Ethics Committee, Institute of Child Health. Written informed consent 
was obtained from each family.

Flow cytometry for the detection of γc expression. Of 200 μl whole blood col-
lected in EDTA, 100 μl was stained with 5 μl of an anti-γc antibody or iso-
type control (BD Biosciences — Pharmingen). The stained cells were detect-
ed using fluorescence-activated cell sorting (FACSCalibur; BD). Analysis 
was performed using CellQuest software (version 3.3; BD) to determine the 
level of γc expression on CD3+ gated cells.

Preparation of DNA. Peripheral blood samples were taken from patients 
9–30 months after the reinfusion of autologous CD34+ cells transduced 
with a Moloney MLV retrovirus encoding the therapeutic gene as previ-
ously described (2). CD3+ cells were isolated by fluorescence-activated 
cell sorting (Epics Altra; Beckman Coulter). A preengraftment sample of 
CD34+ cells was withheld from the cells of Pt6 at the time of reinfusion, 
and a control sample of CD34+ cells was separated from healthy donor 
bone marrow cells using CliniMACS (Miltenyi) and transduced with the 
same protocol used in the clinical trial (2). Genomic DNA was isolated 
from all cells using a DNeasy kit (QIAGEN).

LAM-PCR and sequence alignment. LAM-PCR was performed on 10–100 ng 
of DNA isolated from sorted peripheral blood leukocytes to characterize 
the unknown genomic DNA flanking the 5′LTR and the 3′LTR of the vec-
tor. For LAM-PCR, 5′ biotinylated LTR-specific vector primers (Carl Roth 
GmbH and Co. KG) were used as follows: linear PCR (5′LTR, 5′-TGCTTAC-
CACAGATATCCTG-3′ and 5′-ATCCTGTTTGGCCCATATTC-3′; 3′LTR, 

5’-TCCGATTGACTGAGTCGC-3′ and 5′-GGTACCCGTGTATCCAATA-
3′), first exponential PCR (5′LTR, 5′-GCCCTTGATCTGAACTTCTC-3′; 
3′LTR, 5′-TCTTGCAGTTGCATCCGACT-3′), and second exponential PCRs 
(5′LTR, 5′-TTCCATGCCTTGCAAAATGGC-3′; 3′LTR, 5′-GTGGTCTCGCT-
GTTCCTT-3′). Linear PCR, magnetic capture, hexanucleotide priming, 
restriction digest (Tsp509I, MseI, or HinP1I enzymes used), linker ligation, 
and exponential PCRs have been previously described (17, 18). Optionally, 
the first exponential biotinylated PCR product was magnetically captured 
before reamplification by the second PCR step. LAM-PCR amplicons were 
either isolated and cloned (Elchrom Scientific) into the TOPO TA vector 
(Invitrogen) or PCR purified (QIAGEN), shotgun cloned, and sequenced 
(GATC Biotech). Sequences were aligned to the human genome (assembly 
July 2003) using the University of California Santa Cruz (UCSC) BLAT 
genome browser (http://genome.ucsc.edu/cgi-bin/hgBlat?command=start). 
Relation to annotated genome features were studied using the UCSC and 
Ensembl database (http://www.ensembl.org).

Analysis of the LMO2 TSS region. A total of 40 ng of CD3+ T cell DNA from 
each of 3 patients (Pt1, 9 months after transplant; Pt2, 9 months after 
transplant; Pt3, 14 months after transplant) was analyzed for potentially 
dangerous integration events surrounding the TSS of LMO2. To screen 
the region 5 kbp upstream and downstream of the TSS and possible for-
ward and reverse orientation of integrated vector, initial midrange PCR 
(PeqLab) was set up 4 different ways: upstream (LMO2 forward primer 5′-
TCGTCCAAACTGAGGATCAC-3′ and biotinylated LTR forward primer 
LTRA1,  5′-TGCTTACCACAGATATCCTG-3′,  or  LTR  reverse  primer 
LTRB1, 5′-TTCAAATAAGGCACAGGGTC-3′); downstream (LMO2, 5′-
CTTCCCAATTCTGCTCAAGG-3′; LTR, LTRA1 or LTRB1). After a 30-cycle 
PCR (initial denaturation of 94°C for 1 min, followed by 94°C for 30 s,  
56°C for 45 s, 68°C for 3.5 min, and a 7-min final elongation at 68°C), 
final PCR products were captured via magnetic beads (Dynal) and ream-
plified by nested PCR (Taq polymerase; QIAGEN). For the TSS upstream 
and downstream region, each of 5 LMO2-specific primers was applied with 
LTR primer LTRA2 (5′-GACCTTGATCTGAACTTCTC-3′) for vector for-
ward orientation and LTR primer LTRB2 (5′-GTGGTCTCGCTGTTCCTT-
3′) for vector reverse orientation. LMO2-specific primers for nested PCR 
located upstream of TSS were 5′-AGCTCTCTCACACCAGATG-3′, 5′-
TACATTGCTAGCTTGCAGAC-3′, 5′-ATGCAGAGTGTCAGACTATG-3′, 
and 5′-GCTGGCAAAGTGGAATAGTG-3′. LMO2-specific primers down-
stream of TSS were 5′-CAAGTCTCCACATTCTGAGT-3′, 5′-ACAGGCC-
GGGCACATTGGCT-3′, 5′-CAAAGAAGAGCAGAGCTCCA-3′, 5′-GAG-
GATCACCTGAACTCAGA-3′, and 5′-ATCCCAGCACTTTGGGAGGC-3′.

Culturing and gene expression profiling of CD34+ and CD4+ cells. G-CSF–mobi-
lized peripheral blood CD34+ cells from 3 donors were transduced using 
conditions identical to those of the gene therapy trial (2). RNA of trans-
duced cells was isolated using Tri Reagent (Sigma-Aldrich) according to 
the manufacturer’s protocol. The mRNA expression levels were determined 
using Affymetrix U133 Plus 2.0 arrays and normalized as described previ-
ously (29). CD4 cells were isolated from Pt1 and a healthy aged-matched 
control using the CD4+ T Cell Isolation kit (Miltenyi). Isolated cells were 
expanded for 1 week in culture in RPMI containing 2% human AB serum, 
100 IU/ml IL-2, and 75 μl CD3/CD28 T cell expander Dynabeads per 106 
cells (Dynal) before the RNA was isolated with Tri Reagent (Sigma-Aldrich). 
The RNA was then double extracted with an RNA isolation kit (QIAGEN) 
and applied to an Affymetrix U133A microarray. The normalized expression 
values were used to generate MvA plots, in which average log2 expression 
level (A; calculated as log2 √[Expressionpatient × Expressioncontrol]) and the 
difference in log2 expression level (M; calculated as log2 [Expressionpatient/
Expressioncontrol]) for each probeset are plotted. Significant differences in 
probeset expression, as determined by a Sidak step-up adjusted P value, were 
indicated separately (30). P values less than 0.05 were considered significant. 
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Genes described by these probesets were retrieved from the Affymetrix HG-
U133a annotation file in April 2006.

To determine the relationship between expression levels and viral inte-
gration, the normalized microarray values were sorted on expression and 
divided into 10 equal-sized expression level categories. The presence of the 
gene closest to a virus integration site as identified by LAM-PCR analysis 
was determined in each expression category. A Cochran-Armitage test for 
trend was performed to test whether higher expression level categories cor-
respond to larger numbers of insertions (31). For each unique Gene Sym-
bol represented on the array, the highest expression value over all probesets 
representing it was used for analysis.

GO analysis. GO analysis was performed on each RefSeq gene that was 
vector  targeted  in  its gene coding  region or  the  surrounding 10-kbp 
genomic region using EASE software from NIH-DAVID (http://david.abcc.
ncifcrf.gov/ease/ease.jsp). The database classifies each gene into defined 
categories of “cellular compartment,” “biological process,” and “molecular 
function.” Overrepresented gene categories were calculated and defined 
by Fisher exact test. An overrepresentation was given for P values less than 
0.05 compared with the whole human genome as a background.
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