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Reports of neoplasia related to insertional activation of protooncogenes by retroviral vectors have raised serious safety
concerns in the field of gene therapy. Modification of current approaches is urgently required to minimize the deleterious
consequences of insertional mutagenesis. In this issue of the JCI, Adjali and colleagues report on their treatment of SCID
mice lacking the 70-kDa protein tyrosine kinase, ZAP-70, with direct intrathymic injection of a ZAP-70–expressing T cell–
specific lentiviral vector, which resulted in T cell reconstitution. Using lentiviral vectors and in situ gene transfer may
represent a safer approach than using retroviral vectors for ex vivo gene transfer into HSCs, avoiding 3 factors potentially
linked to leukemogenesis, namely HSC targets, ex vivo transduction and expansion, and standard Moloney leukemia
virus–based retroviral vectors.
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Reports of neoplasia related to insertional activation of protooncogenes by 
retroviral vectors have raised serious safety concerns in the field of gene ther-
apy. Modification of current approaches is urgently required to minimize 
the deleterious consequences of insertional mutagenesis. In this issue of the 
JCI, Adjali and colleagues report on their treatment of SCID mice lacking the 
70-kDa protein tyrosine kinase, ZAP-70, with direct intrathymic injection 
of a ZAP-70–expressing T cell–specific lentiviral vector, which resulted in 
T cell reconstitution (see the related article beginning on page 2287). Using 
lentiviral vectors and in situ gene transfer may represent a safer approach 
than using retroviral vectors for ex vivo gene transfer into HSCs, avoiding 
3 factors potentially linked to leukemogenesis, namely HSC targets, ex vivo 
transduction and expansion, and standard Moloney leukemia virus–based 
retroviral vectors.
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SCID and its current standard  
of therapy
SCID disorders are a family of genetically 
determined conditions characterized by a 
block in T cell development and function, 
variably associated with defects in other 
hematopoietic lineages. The genetic and 
phenotypic heterogeneity among these 
disorders is considerable. Affected children 
present with severe opportunistic infections 
due to a lack of functional mature T cells. 
The most serious forms of SCID are fatal in 
the first years of life (1). The only curative 
standard of therapy is an allogeneic bone 

marrow transplant from an HLA-matched, 
related donor. If this is not possible, bone 
marrow transplantation from an HLA-
matched, unrelated or a parental haploi-
dentical donor is performed. The survival 
rate after HLA-matched transplantation is 
greater than 75% but falls markedly with 
the use of alternative donors, including 
haploidentical family donors and unrelat-
ed donors, and chronic disabling complica-
tions such as graft-versus-host disease are 
common. Some children reach full func-
tional immunity following transplantation, 
but others fail to have their B cell function 
restored or can experience progressive loss 
of T cell immunity and even complete graft 
failure over time. These poor outcomes 
are particularly common when children 
are transplanted with non–HLA-matched 

donor cells, for instance from a parent or 
an unrelated donor (2, 3).

Leukemia induction after successful 
oncoretroviral gene transfer  
in SCID-X1
These unsatisfying outcomes, particu-
larly with alternative donor transplanta-
tion, have stimulated intense interest in 
gene therapy approaches to SCID. The 
most common SCID subtype is SCID-
X1, an X-linked recessive disease charac-
terized by a block in T and natural killer 
cell differentiation due to mutations in 
the common γ chain of cytokine receptor 
complexes. Recently, complete immune 
reconstitution of young boys with SCID-
X1 by transduction of their CD34+ bone 
marrow cells with an oncoretroviral vector 
encoding the common γ chain followed 
by reinfusion of transduced cells without 
conditioning therapy was reported (Figure 
1A) (4, 5). These encouraging results rep-
resented the first unequivocal demonstra-
tion of the clinical efficacy of gene therapy. 
However, elation was short-lived, as 3 out 
of 11 enrolled children in this clinical trial 
have developed T cell leukemia linked to 
insertional mutagenesis, specifically, acti-
vation of the LIM domain only 2 (known as 
LMO2) transcription factor locus (6). Thus, 
at present the risks and potential benefits 
of gene therapy are being reconsidered. The 
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critical question is whether the high fre-
quency of leukemia in this trial was related 
to specific features of these children or 
their target CD34+ cell populations, consti-
tutive expression of this particular signal-
ing transgene, or activity of vector elements 
such as enhancers or promoters as opposed 
to the possibility that these serious adverse 
events represent significant risks from the 
use of any integrating vector to transduce 
long-lived stem or progenitor cells.

The integration of replication-incompe-
tent retroviruses was previously thought to 
be essentially random, and it was estimated 

that single copies of proviral genomes scat-
tered throughout the genome were unlike-
ly to result in the activation of protoon-
cogenes. Recently, however,  the insertion 
of oncoretroviral vectors has been shown 
to occur preferentially near transcription 
start sites of genes, potentially increasing 
the risk of altering the expression of adja-
cent endogenous genes, while lentiviral vec-
tors were shown to integrate within genes 
even more preferentially, but over the entire 
length of transcription units instead of near 
transcriptional start sites, in a pattern pos-
sibly less likely to affect endogenous gene 

regulation (7–9). Insertional events related 
to both retroviral and lentiviral vectors are 
also enhanced in actively expressed genes. 
Current lentiviral vectors have deletions 
of their enhancer and promoter regions 
and instead use internal transgene-spe-
cific regulatory elements. Thus these vec-
tors might be less likely to activate adjoin-
ing genomic transcription units than the 
strong constitutive regulatory elements 
present in the long terminal repeats of all 
currently utilized standard retroviral vec-
tors (8). The lack of evidence of insertional 
leukemogenesis due to HIV integration in 

Figure 1
Gene therapy approaches for SCID. (A) Previously (4, 5), after informed parental consent, bone marrow was obtained from young boys with 
SCID-X1 who did not have an HLA-identical donor. Selection for the CD34+ cell population was performed, and these cells were stimulated to 
grow in media containing 4% fetal calf serum and supplemented with SCF, IL-3, Flt-3 ligand (FLT-3L), and megakaryocyte growth and differentia-
tion factor (MGDF). The cells were transduced with a Moloney leukemia virus–based (MLV-based) replication-incompetent vector containing the 
common γ chain (γc) for 3 days. The cells were reinfused into the patients without a preparative conditioning regimen. In the majority of the boys, 
mature and functional T cells were reconstituted. Unfortunately, 3 of 11 boys enrolled in this clinical trial developed a T cell leukemia related to 
the oncoretroviral vector used (6). (B) In this issue of the JCI, Adjali and colleagues report (10) that they injected a T cell–specific lentiviral vector 
encoding human ZAP-70 and enhanced GFP (eGFP) directly into the thymi of 8- to 12-week old ZAP-70–/– mice after thoracic surgery. Some of 
the mice partially reconstituted mature and functional T cells. LTR, long terminal repeat; LTR-SIN, self-inactivating LTR.
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AIDS patients suggests that the risk may 
indeed be much lower for lentiviruses than 
for murine leukemia virus–derived retro-
viral vectors, but wild-type HIV can only 
infect mature T cells, not hematopoietic 
stem cells. Thus, the comparison may not 
be fully relevant.

Alternative gene delivery approaches
In this issue of the JCI, Adjali and col-
leagues (10) took a different approach to 
gene therapy for SCID. In this case, the 
authors targeted T cell precursors instead 
of HSCs by direct intrathymic injection of 
a ZAP-70–expressing T cell–specific lentivi-
ral vector into ZAP-70–/– SCID mice (Figure 
1B). ZAP-70 deficiency is a rare autosomal- 
recessive inherited subtype of SCID, in 
which T cell development is blocked at the 
stage of double-positive cells, resulting in 
an absence of peripheral CD8+ T cells and 
the presence of circulating CD4+ T cells 
that are unresponsive to TCR-mediated 
stimuli in vitro (11). The differentation 
block in this disease is due to the inability 
of double-positive cells to propagate TCR 
signals in the absence of ZAP-70 kinase 
activity despite tyrosine phosphorylation 
of TCR-associated ZAP-70 molecules (12). 
The protein tyrosine kinase ZAP-70 is nor-
mally expressed in thymocytes, mature T 
cells, and natural killer cells (13).

Using the T cell–specific lentiviral vector 
injected directly into the thymus of ZAP-
70–/– mice, Adjali and colleagues demon-
strated partial reconstitution of polyclonal 
and functional T cells in some mice 
(10). They chose this approach to avoid 
transduction of HSCs and precursor cells 
from other hematopoietic lineages that do 
not express ZAP-70 and thus do not require 
correction in this disorder; this potentially 
reduces the risk of insertional mutagenesis 
by exposing many fewer precursor cells to 
insertional events. HSCs may be particu-
larly susceptible to insertional mutagenesis 
due to their prolonged and increased rep-
licative capacity. Many genes controlling 
self-renewal and proliferation are expressed 
in HSCs before being shut off during dif-
ferentiation, and increased expression of 
genes has been shown to predispose loci to 
insertions of retroviral and lentiviral vec-
tors (7, 9). Insertions at these sites could 
therefore constitutively activate genes that 
are normally shut off during hematopoi-
etic development, and thus contribute to 
leukemogenesis. By the targeting of more 
mature cells via intrathymic injection, this 
risk might be decreased.

The in situ approach also avoids ex vivo 
culture of target cells, which is desirable 
for a number of reasons. Ex vivo culture 
of HSCs, progenitors, and even mature T 
cells has been found to result in impaired 
homing capabilities and functional defi-
cits (14–16). Furthermore, ex vivo culture 
potentially exposes the cells to infectious 
agents, serum, and other risks related to 
complex and prolonged manipulations and 
removes them from their natural microen-
vironment. Thus, in situ delivery of a gene 
transfer vector to T cell precursors without 
any requirement for ex vivo culture is an 
inherently attractive approach.

Although the lentiviral vector used in this 
study (10) was designed to be T cell–spe-
cific, it also transduced thymic epithelial 
cells (17). The interaction of thymocytes 
with thymic epithelial cells is crucial for the 
development of T cells. Thus the effects on 
thymic epithelial cell function by ZAP-70 
transduction needs to be further evaluated. 
Changes in the vector design might be nec-
essary to obtain increased T cell specificity. 
Intrathymic vector injection is technically 
very challenging both in mice and humans 
but probably accounted for successful cor-
rection in less than a quarter of the mice 
treated by Adjali et al. (10). In human sub-
jects suffering from SCID, the need for 
intrathymic injection will be a real hurdle, 
since in these patients the thymus is very 
small, usually less than 1 g, and lacking 
in thymocytes (18). Thus, it might be dif-
ficult to establish this approach for clinical 
application, even if the success rate could 
be significantly improved via sophisticated 
imaging modalities and optimization in 
large animal models.

Remaining questions  
and future directions
The observation that long-term reconsti-
tution of functional T cells is achievable 
using this approach in mice is encourag-
ing. However, even though T cells can per-
sist for many years, permanent reconstitu-
tion and continued production of naive 
T cells is thought to require correction 
of HSCs with self-renewing capacity. The 
durability of transduction of thymic early 
progenitor cells, which is likely respon-
sible for the positive results in this study, is 
unclear (10). Longer follow-up studies are 
necessary for clarification. The ability of 
the T cell population to massively expand 
in number suggests the possibility that we 
could reconstitute the T cell compartment 
with a few gene-corrected cells, as seen after 

spontaneous mutation (19) or as demon-
strated in this study (10). But is this the 
right strategy for reaching therapeutic lev-
els of gene-corrected cells? Keeping in mind 
that expansion of a limited number of pre-
cursor cells and an abnormal proliferation 
advantage potentially contributed to the 
development of leukemia in the SCID-X1 
trial, direct injection of vector into the thy-
mus with subsequent marked expansion of 
cells now expressing ZAP-70 constitutively 
may have similar risks. The ZAP-70 trans-
gene is a tyrosine kinase that may become 
oncogenic if its expression is not at physi-
ologic levels in the appropriate hemato-
poietic lineages. Further modification of 
the lentiviral vector so that real lineage 
restriction and physiologic expression level 
of the transgene are achieved is probably 
desirable for improved safety. It will also be 
important to gain a better understanding 
of the biology of the thymic components 
in SCID patients in regard to the character-
istics of the cells that are being transduced 
by the intrathymic injections, in particular 
if this approach is extended to other forms 
of SCID. Finally, longer term follow-up 
studies of many more mice as well as any 
SCID patients enrolled in trials using this 
approach will be crucial for understanding 
whether permanent correction is really pos-
sible via a non-HSC–based approach and 
for assessing leukemogenic risk.
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Spring brings breezes, wheezes,  
and pollen oxidases
Darren R. Ritsick and J. David Lambeth

Department of Pathology and Laboratory Medicine, Emory University School of Medicine, Atlanta, Georgia, USA.

While the release of pollen into the air is essential for the reproduction of 
plants, the accidental yet inevitable uptake of pollen into human airways can 
cause symptoms of seasonal allergies and asthma. The symptomatic response 
to pollen is caused by granulocytes that produce inflammation, which is 
due in part to oxidative stress through the action of NADPH oxidases. The 
recruitment of these inflammatory granulocytes was previously thought to 
depend entirely on the activation of an adaptive immune response. In this 
issue of the JCI, Boldogh et al. demonstrate that pollens contain endogenous 
NADPH oxidase activity, which functions to generate local “danger signals” 
in nearby airway epithelium (see the related article beginning on page 2169). 
These signals in turn trigger the early recruitment of granulocytes, even in 
the absence of the adaptive immune response. These findings suggest that 
inhibition of the pollen oxidase may provide a way to antagonize allergic 
inflammation at a very early step.
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Spring . . . in the space of a few weeks, the 
drab winter grays give way to a riot of reds, 
pinks, yellows, and whites, as azaleas, dog-
woods, and a host of other plants celebrate 
the arrival of longer, hotter days. But for 
many individuals, the bright banners of 
spring signal not a celebration, but a feel-
ing of dread that augurs frequent trips 
to the pharmacy for the latest over-the-
counter remedies. For amidst the color, 
another riot is taking place: in a repro-
ductive frenzy, each member of the plant 
world is busily packaging its genome into 
protective capsules, which are ejected into 
the atmosphere or hitch rides on the bod-
ies of insects. While a pollen count of 120 

particles per cubic meter is considered high 
in many parts of the country, in the pollen 
belt of the southern US, counts of 6,000 
are not unusual, and the accumulated par-
ticles confer a distinctly yellowish cast to 
the atmosphere.

While Mother Nature is merely assuring 
the reproductive success of her immo-
bile plant kingdom by sowing the atmo-
sphere with these tiny portable packages 
of DNA, the inadvertent consequence is 
that many of these particles do not find 
their intended targets but end up in the 
airways and mucous membranes of hap-
less humans. It is no wonder that the 
sounds of spring are punctuated by sneez-
es and coughs, and that the spring colors 
are seen through the blur of watery, itchy 
eyes. Indeed, as many as 35 million people 
in the US suffer from allergic reactions to 
pollens, ranging from annoying allergic 

rhinitis and allergic conjunctivitis to the 
more dangerous allergic asthma (1).

According to established paradigms, the 
pollen grains are interpreted by the host as 
invading foreign bodies, which results in 
a defensive immune reaction against the 
proteins and other biomolecules on the 
pollen’s surface (2). This reaction involves 
inflammatory cells, including granulocytes 
such as eosinophils and mast cells, and 
can lead to chronic inflammation, airway 
hyperresponsiveness, bronchial constric-
tion, increased fluid and mucus secretion, 
and in some cases, life-threatening sequelae 
(3). According to this conventional model, 
the inflammatory response includes the 
production of ROS via a membrane-asso-
ciated superoxide-generating NADPH 
oxidase that is present in granulocytes (4, 
5). This oxidase consists of the membrane-
bound flavocytochrome b558, of which 
gp91phox is the catalytic subunit, plus sev-
eral regulatory subunits. When activated, 
the oxidase catalyzes the transfer of an 
electron from NADPH to molecular oxy-
gen and forms superoxide (O2

•), with sec-
ondary production of hydrogen peroxide 
and other chemically reactive species (6, 
7). Collectively, ROS can produce a wide 
range of molecular damage, which results 
in the oxidative modification of a variety 
of biomolecules as well as cellular damage 
and disruption of membrane integrity. In 
addition, ROS have more recently been 
implicated as intra- and intercellular signal 
molecules and therefore may participate 


