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Abstract

Lentiviral gene transfer vectors have a number of potential advantages over gammaretroviral vectors including
more efficient transduction of nondividing cells, a more favorable integration site profile, and the ability to
accommodate large transgenes. Here, we present long-term follow-up data of animals that received lentivirus-
transduced CD34-enriched cells. Six long-term surviving dogs were available for analysis. Transgene expression
was analyzed from at least 12 months to more than 5 years after transplantation in peripheral blood cells and
multiple cell lineages. All animals demonstrated long-term stable transgene expression in peripheral blood
myeloid, lymphoid, and red blood cells as well as in platelets. Vector integration sites were analyzed by linear
amplification-mediated polymerase chain reaction and showed a polyclonal repopulation pattern in all animals.
There was no evidence of any development of monoclonality or leukemia in the animals. The stable long-term
multilineage transgene expression, together with detection of the same integration site in myeloid and lymphoid
cells, strongly suggests the transduction of long-term repopulating stem cells. Our data demonstrate safe and
efficient transduction of multilineage long-term repopulating cells with lentiviral vectors and support the use of
such vectors for gene therapy studies in patients.

Introduction

Retrovirus-mediated hematopoietic stem cell (HSC)
gene transfer is a powerful tool to treat diseases affecting

the hematopoietic system (Stocking and Baum, 1997). For
most clinical HSC gene therapy studies, gammaretroviruses
have been the vector system used, due in large part to ex-
tensive periods of study (Edelstein et al., 2007). Delivery of
therapeutic transgenes by gammaretroviral vectors has been
successful in treating patients with a variety of monoallelic
diseases including X chromosome-linked severe combined
immune deficiency (X-SCID) (Hacein-Bey-Abina et al., 2002),
chronic granulomatous disease (CGD) (Ott et al., 2006), and
severe combined immunodeficiency caused by mutated
adenosine deaminase (SCID-ADA) (Aiuti et al., 2002). Un-
fortunately, in several instances the gene-modified cells have
transformed into frank leukemia (Hacein-Bey-Abina et al.,
2003a,b, 2008; Howe et al., 2008) and a monoclonal outgrowth

in a patient with CGD (Ott et al., 2006). Two major reasons
have been discussed for the adverse outcome: First, vector
integration seems to play a role in the activation of adjacent
proto-oncogenes. Second, expression of the therapeutic
transgene itself has been shown to play at least a partial role in
clonal outgrowth (reviewed in Baum et al., 2004).

These findings have raised the question whether other
integrating viral gene delivery systems with improved safety
characteristics, based on integration profiles, might be more
appropriate. Foamy viruses (Rethwilm, 2007) and lenti-
viruses (Cockrell and Kafri, 2007) have been investigated as
therapeutic gene transfer vehicles. We have studied gene
transfer vectors in clinically relevant canine and nonhuman
primate transplantation models (Trobridge et al., 2005).
Beard and colleagues compared the integration profiles of
lentiviral, gammaretroviral, and foamy viral vectors in long-
term repopulating cells in the dog and found gamma-
retroviral vectors to be likely associated with the highest
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potential for adverse gene activation (Beard et al., 2007b) be-
cause they were more frequently inserted in and near proto-
oncogenes transcription start sites (TSSs). Here, we analyzed
in a long-term follow-up six dogs after transplantation with
lentiviral vector-transduced CD34þ cells (Horn et al., 2004;
Beagles et al., 2005). We did not observe any adverse event
such as leukemia relating to the HSC gene therapy procedure
and found no trend toward the development of mono-
clonality; the clonality of repopulating cells was heteroge-
neous at all times analyzed. We also verified the long-term
multilineage potential of gene-modified repopulating cells by
tracking repopulating clones in both myeloid and lymphoid
lineages.

Materials and Methods

Animals, lentiviral vectors, transduction,
and transplantation protocols

Animal husbandry, preparation of lentiviral vectors, gene
transfer into canine CD34-enriched bone marrow and pe-
ripheral blood stem cells, as well as flow cytometric analysis
have been described previously (Horn et al., 2004; Beagles
et al., 2005) for all animals but G293. Briefly, this dog ob-
tained 3.1�107 bone marrow-derived CD34-enriched cells
transduced with a green fluorescent protein (GFP)-encoding
lentiviral vector at a multiplicity of infection (MOI) of 100
plus 4.8�107 peripheral blood-derived CD34-enriched cells
transduced with a yellow fluorescent protein (YFP)-encoding
lentiviral vector at an MOI of 100 after total body irradiation
of 920 cGy without cyclosporine. Transduction of both cell
populations was carried out without prestimulation as de-
scribed previously (Horn et al., 2004).

Linear amplification-mediated polymerase chain
reaction and cloning of individual integration sites

Lentiviral integration site analysis was performed on ca-
nine DNA isolated from peripheral blood mononuclear cells
(PBMCs). Linear amplification-mediated polymerase chain
reaction (LAM-PCR) and sequence analysis of individual
LAM fragments were carried out according to a published
protocol (Beard et al., 2007b). Briefly, for each analyzed point
in time, 100 ng of PBMC DNA was subjected to linear am-
plification three times independently. Reactions were pooled
and further analyzed according to the previously mentioned
protocol. LAM-PCR products were analyzed on 4 to 20%
acrylamide–TBE (Tris–borate–EDTA) gradient gels (Invitro-
gen, Carlsbad, CA).

Subset sorting

PBMCs were collected after lysis of red blood cells. CD3-
positive lymphocytes were labeled with an anti-CD3 anti-
body (clone 16.6B3, kindly provided by P. Moore, University
of California, Davis, CA). Granulocytes were selected with a
DM5 antibody (a gift from B. Sandmaier, Fred Hutchinson
Cancer Research Center, Seattle, WA). Both subsets were
stained with a secondary phycoerythrin-labeled polyclonal
goat-anti-mouse antibody (Dako, Carpinteria, CA). Sorting
was carried out with an ARIA cell sorter (BD Biosciences,
San Jose, CA). DNA from cell subsets with purity greater than
98% based on back gating was prepared with a QIAamp mini
spin column kit (Qiagen, Valencia, CA). To determine vector-

specific DNA, PCR was carried out with Platinum Taq
polymerase (Invitrogen) and primers Lenti 2F (50-AGAGA-
TGGGTGCGAGAGCGTCA-30) and Lenti 2R (50-TGCCTTG-
GTGGGTGCTACTCCTAA-30) to detect a 471-bp fragment.
The integrant within the RAP1GDS1 proto-oncogene was
amplified by nested PCR using primers RAP1-1 (50-CGA-
CCTCTTGCTCTGTC-30) and LVLTRII (Beard et al., 2007b) in
the first PCR and RAP1-1 in combination with LVLTRIII
(Beard et al., 2007b) in the nested PCR to detect a 524-bp
fragment. Accordingly, the PCR for the integrant in the proto-
oncogene CEP1 (Beard et al., 2007b) was carried out with
primer CEP1-4 (50-AGACAGAACCAGGCATTAC-30) to de-
tect a 318-bp fragment. Detection of integrants 29.15 and 10.17
with distances greater than 50 kb from the nearest known
proto-oncogene TSS (K.A. Keyser, unpublished data) were
amplified by PCR, using primers 29.15a (50-GTGGTAAAG-
GTGAGTTGACTG-30) and 10.17c (50-CCCTGCTGGACTA-
AATGTAC-30), respectively. PCR products correspond to
244 bp for integrant 29.15 and 322 bp for integrant 10.17.

Results

Stable long-term persistence of lentivirus-transduced
hematopoietic repopulating cells in dogs

Efficient and safe long-term repopulation of genetically
modified cells is a critical aspect of HSC gene therapy to
make this approach appropriate for a variety of clinical ap-
plications. Here, we report on the long-term follow-up of six
dogs that were transplanted with lentivirus-transduced
CD34-enriched cells, using an overnight or 2-day transduc-
tion protocol with either GFP- or YFP-expressing lentiviral
vectors. Figure 1 shows stable long-term gene marking in
granulocytes and lymphocytes for more than 5 years in dog
G206 (2002 days; Fig. 1A) and dog G236 (1862 days; Fig. 1B).
Dog G293 showed a comparable engraftment pattern over a
period of almost 3 years after transplantation (1233 days; Fig.
1C). We observed persistent marking in all six dogs without
evidence of hematologic abnormalities (data not shown).
Marking was also detectable and stable in red blood cells and
in platelets in all six dogs (data not shown).

To confirm multilineage long-term repopulation by gene-
modified cells, we analyzed four integration sites identified
from whole white blood cell DNA preparations in sorted
myeloid and lymphoid cells from dog G206. We were able to
detect two integrants, one within RAP1GDS1 (Beard et al.,
2007b), and the insertion 29.15 (K.A. Keyser, unpublished) in
FACS-sorted granulocyte and CD3þ lymphocyte subsets
2188 days posttransplantation (Fig. 2, RAP1GDS1 and 29.15).
The presence of these integrants in both lymphocyte and
myeloid subsets of G206 supports the interpretation that
lentiviral vectors are able to transduce long-term multi-
lineage HSCs. To assess whether these findings are due to
suboptimal purity of the cell populations, we mixed PBMC
DNA from a nontransplanted animal with increasing per-
centages of DNA from the G206 lymphocyte or granulocyte
cell population to determine the detection limit of the PCR.
We found the detection limit of one specific integrant to be
10% of specific subset DNA or higher (data not shown).
Thus, given the purity of our sorting results (>95%), this
suggests that the clone tracking data correspond to multi-
potential gene-modified clones and not to cellular contami-
nation from another hematopoietic subset.
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No evidence of monoclonality after long-term
repopulation of lentiviral vector-transduced canine
CD34-enriched cells

Long-term surviving animals were monitored for hetero-
geneous repopulation of the hematopoietic system. To de-
termine trends toward mono- or oligoclonality, we
performed LAM-PCR at various time points after trans-
plantation for G206, G236, and G293. Mono- or oligoclonality
would have been evidenced by the occurrence of either a
single or only a few distinguishable LAM-PCR fragments
(Schmidt et al., 2007). As seen in Fig. 3, all dogs appeared to
have multiple clones contributing to hematopoiesis because
we were able to detect multiple LTR-specific amplified PCR
products on a polyacrylamide gel at all time points analyzed.

There was no obvious difference in the number of PCR
products at early or later time points after transplantation.
Also, after analysis of LAM-PCR products on acrylamide
gels, it appeared that several bands became progressively
more intense over time. In an attempt to determine whether
this was due to progressive outgrowth of a dominant clone
or simply coincidental migration of LAM-PCR products with
similar molecular weights, we directly cloned and sequenced
several products. As examples, we analyzed 155-bp PCR
fragments that appeared in the LAM-PCR analysis 8, 30, and
498 days posttransplantation, and 250-bp fragments present
30 and 1862 days posttransplantation in G236 (Fig. 3B, ar-
rows). After isolation and cloning, we analyzed their chro-
mosomal location. The canine sequence isolated from the
155-bp LAM-PCR fragment 8 days posttransplantation was
different from the sequences we obtained on days 30 and 498
posttransplantation, respectively. We found one specific
integrant on day 30 posttransplantation, which was also
detectable as one of two canine sequences 498 days post-
transplantation (data not shown). The canine sequences iso-
lated from the 250-bp LAM-PCR fragment 30 and 1862 days
posttransplantation differed from each other. Thus, in the
two cases here, the presence of LAM-PCR fragments at
similar molecular weights corresponded to coincidental mi-
gration of distinct fragments and not the progression of a
single dominant clone.

Hematopoietic repopulation also was investigated by an-
alyzing the PBMC DNA of G115, G136, and G221 by LAM-
PCR. We found multiple LAM-PCR-amplified bands at the
most recent time points for these three dogs, suggesting that

FIG. 1. Stable gene expression levels in peripheral blood
cell subsets of dogs. Animals were treated with lentivector-
transduced GFP=YFP-expressing CD34-enriched cells in an
autologous transplantation setting. (A) G206; (B) G236; (C)
G293. x axis, days posttransplantation (DPT); y axis, relative
percentage of G=YFP-expressing cells. Solid lines, GFP
marking; dashed lines, YFP marking; squares, lymphocytes;
triangles, granulocytes.

FIG. 2. Detection of two common integrants in FACS-
sorted granulocyte and CD3þ lymphocyte subsets. Granulo-
cyte and CD3þ lymphocyte subsets were sorted from PBMCs
from dog G206, using subset-specific antibodies. DNA
was prepared from the collected cells and subjected to
PCR analysis (see Materials and Methods) using either two
vector-specific primers (Vector) or one vector-specific primer
in combination with integrant-specific primers (see Materials
and Methods, Subset Sorting). Lane 1, unsorted PBMCs from
G206; lane 2, G206 granulocyte subset; lane 3, G206 CD3
lymphocyte subset; lane 4, PBMCs from a nontransplanted
animal; lane 5, water control.
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transplantation of lentiviral vector-transduced cells did not
result in monoclonality in these animals (data not shown).

In addition, to verify provirus integration sites, we carried
out sequence analysis of LAM-PCR-amplified products by
shotgun cloning and sequencing at the most recent time
points after transplantation (Beard et al., 2007b). We analyzed
almost 700 sequence reads and found 52 novel unique in-
tegrants, applying stringent criteria for patterns defining a
true vector integration event (Beard et al., 2007a). The num-
bers of sequences found in each dog are given in Table 1
(column IS). This further suggests that no mono- or oligo-
clonal repopulation of lentiviral vector-transduced HSCs
developed even after periods longer than 5 years after
transplantation. Information about the gene closest to the
lentivirus integration sites described here can be found in
Supplementary Table 1 (see Supplementary Table 1 at
www.liebertonline.com=hum).

Analysis of euthanized animals

Several dogs were killed after transplantation because of
nonhematopoietic issues. G115 was killed 2 years after

transplantation because of a seizure disorder. Animal G136
had developed a growth behind its eye, and dog G221 de-
veloped Addison’s disease 1 year after transplantation.

It is unlikely that the diseases in G115, G136 and G221
were caused by a dominant repopulating clone in the he-
matopoietic system of these animals because we found
multiple integrants in their peripheral blood cell DNA.
Pathologic examination of the tumor behind the left eye of
G136 showed an invasive carcinoma with features of
moderately differentiated squamous cell carcinoma charac-
terized by nests and sheets of tumor cells with occasional
keratin pearls, necrosis, and keratinocyte differentiation. To
rule out that these cells originated from a clonally expanded
gene-marked progenitor, we analyzed DNA extracted from
the tumor for trends toward monoclonality. There were
multiple bands detectable by LAM-PCR, likely from blood
contamination after resection and incomplete washing be-
fore DNA isolation. Shotgun cloning of the LAM-PCR
fragments followed by sequence analysis of 96 randomly
picked clones revealed 7 new previously undescribed in-
tegrants (see Supplementary Table 1). Furthermore, if the
tumor arose from a malignant clone, gene marking of the

FIG. 3. Polyclonal hematopoi-
etic repopulation after transplan-
tation with lentivirus-transduced
CD34-enriched cells. Peripheral
blood samples from (A) dog
G206, (B) dog G236, and (C) dog
G293 at various time points after
transplantation were analyzed by
LAM-PCR, showing that multi-
ple different clones contribute to
the repopulation. The number
above each lane indicates how
many days after transplantation
(DPT) the DNA was prepared
from the PBMCs of each dog. For
G206, LAM-PCRs were carried
out in duplicate. The arrows in
(B) indicate the 155- and 250-bp
fragments cloned from G236
DNA (see Results).
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tumor DNA by real-time PCR would indicate high levels of
provirus. Therefore, we performed quantitative PCR with
lentivirus-specific primers. As would be expected from a
tumor or any organ contaminated with gene-marked blood,
gene marking in the tumor DNA was similar to marking in
G136 peripheral blood (data not shown). Altogether, these
data suggest that the tumor behind the eye was not caused
by gene-modified cells.

Clone tracking of lentiviral vector integrants

We also investigated the time-dependent contribution to
hematopoiesis of four individual clones to the overall
marking in G221 and, as a control, in G206. Independent of
whether the integrant was within a proto-oncogene or not
(Beard et al., 2007b), all four integrants in each dog showed a
similar time-dependent fluctuation, suggesting that lentiviral
vector integration within or near a proto-oncogene did not
provide a strong proliferative advantage (data not shown).

The presence of the previously published insertions within
proto-oncogenes RAP1GDS1, CEP1, ZNF198, DST, and
WHSC1L1 (Beard et al., 2007b) was analyzed at the most
recent time point (2188 days posttransplantation) in dog
G206. RAP1GDS and CEP1 had already been detected dur-
ing the subset sorting analysis (see Fig. 2, RAP1GDS1 and
CEP1). The ZNF198 integrant was not detectable at this time
whereas the DST and WHSC1L1 integrants were amplified
by PCR out of the PBMC DNA of G206 (data not shown). In
G236, the presence of integrant USP38 (Beard et al., 2007b)
was detected 1994 days posttransplantation (data not
shown). From Addison’s disease-affected animal G221,
PBMC DNA was harvested at the time of euthanasia (363
days posttransplantation). Both the integrants within proto-
oncogenes HIVEP1 and ANXA1 (Beard et al., 2007b) were
detectable at this time (data not shown).

Discussion

Here, we report the long-term follow-up of six dogs
transplanted with lentivirus-transduced CD34-enriched cells.
We found that gene marking and expression of the trans-
genes encoding GFP and YFP were stable for the entire ob-
servation period (up to more than 5 years after
transplantation). We also found long-term marking and ex-

pression in all hematopoietic subpopulations analyzed. Im-
portantly, we did not observe any overt side effects
associated with gene-marked cells, including no evidence of
monoclonality or leukemia.

Side effects in two of the three major clinical gene therapy
trials to treat X-SCID and X-CGD have occurred 31–68
months (X-SCID) and 3 months (X-CGD) after transplanta-
tion (Ott et al., 2006; Hacein-Bey-Abina et al., 2008). All these
trials have used gammaretroviral vectors. More recently,
lentiviral vectors have been developed and explored for gene
therapy. However, not only gammaretroviral but also lenti-
viral vectors induced insertional gene dysregulation (Mar-
uggi et al., 2009) and clonal dominance (Kustikova et al.,
2009). Thus, the safety assessment of lentiviral vector sys-
tems needs further investigation. We have reported early
engraftment data with lentivirus-transduced cells in baboons
and dogs with a follow-up median of 36 weeks (baboons;
Horn et al., 2002) and 51 weeks (dogs; Horn et al., 2004),
respectively. An and colleagues have studied lentiviral vec-
tors in rhesus macaques with a reported follow-up of 28
months (An et al., 2001), which, so far to our knowledge, is
the longest follow-up of lentivirus-mediated gene transfer
into hematopoietic stem cells in a large animal study. To
further assess safety issues concerning the use of lentiviruses
to transduce HSCs, we monitored our previously reported
dogs for up to more than 5 years. To our knowledge this is
the longest follow-up of HSCs gene-modified with HIV-
derived lentiviral vectors in large animal models. We found
stable long-term contribution to the repopulation of the
hematopoietic system by the gene-marked cells without
treatment-related side effects.

In the clinical trial for X-SCID and CGD, patients devel-
oped monoclonality with corrected cells, which either led to
leukemic outgrowth or a myelodysplastic syndrome (MDS)-
like state. We monitored the animals in the present report for
up to more than 5 years and did not observe any trend to-
ward oligo- or monoclonality when analyzing vector inte-
grations by LAM-PCR. In addition, vector integrants close to
or within proto-oncogenes did not differ from other in-
tegrants with respect to their contribution to repopulation.
No gross increase in gene-modified cells resulting in an in-
crease in gene marking (Zhang et al., 2008) was observed in
granulocyte or lymphocyte subpopulations, further indicating

Table 1. Overview of Dogs Transplanted with Lentivector-GFP=YFP-Transduced CD34-Positive

G=YFP-Expressing Repopulating Cells
a

Dog no. Current state Median % G=YFP-positive PBMCs IS DPT

G115 Euthanized because of seizures 0.95% YFP (BM), 2.31% GFP (PB) 5 659
G136 Euthanized because of growth behind eye 3.47% YFP (PB), 5.34% GFP (BM) 7 (þ 7) 801
G206 Alive 2.58% YFP (BM), 7.31% GFP (PB) 6 2002
G221 Euthanized after episode related to

Addison’s disease
7.11% YFP (PB), 15.25% GFP (BM) 6 363

G236 Alive 4.6% YFP (BM), 11.5% GFP (PB) 8 1862
G293 Euthanized 0.76% YFP (PB), 4.92% GFP (BM) 14 1233

Abbreviations: BM, bone marrow; DPT, days post transplantation; GFP, green fluorescent protein; IS, insertion site; PB, peripheral blood;
PBMCs, peripheral blood mononuclear cells; YFP, yellow fluorescent protein.

aThe IS column shows the number of true unique lentiviral integration sites determined for each dog at the indicated time after
transplantation. The Median % G=YFP-positive PBMCs column indicates the origin of donor cells transduced with either YFP or GFP lentiviral
vectors. The ‘‘þ 7’’ in column IS, for dog G136, refers to the number of sequences retrieved from the tumor.
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that neither malignant nor benign outgrowth of gene-
modified cells had occurred in the hematopoietic system of
the animals.

One of the putative reasons for clonal outgrowth caused
by individual insertions is the presence of viral promoter=
enhancer elements in the long terminal repeats (LTRs) of
the gene transfer vector (Baum et al., 2004). One of the major
differences between the lentiviral vectors in our studies and
the gammaretroviral vectors used in the clinical studies is the
presence of self-inactivating (SIN) LTRs. As we did not ob-
serve malignant events in our experimental animals, it is
possible that the use of such SIN vectors in our experimental
setting provides safer alternatives for future gene therapy
trials. Of note, SIN gammaretroviral vectors are currently
being developed for CGD therapy (Moreno-Carranza et al.,
2009).

Some of our animals developed health problems during
the observation time. However, when we assessed the sta-
bility of repopulation by LAM-PCR and sequence analysis of
individual integrants in these dogs, we could rule out that
the observed adverse effects were caused by monoclonal
evolution of gene-marked cells. Thus, it is likely that the
diseases observed in the animals were due to either natural
circumstances or other treatment-related parameters. Radia-
tion- and drug-induced secondary tumors have been a long-
standing problem in transplantation regimens (Lowe et al.,
2007); all of the dogs monitored in this report received 920
cGy total body irradiation, and all but dog G293 received
immunosuppressive agents (see Materials and Methods).

One integrant within a proto-oncogene and one integrant
not near any proto-oncogene could be detected in both
granulocyte and a lymphocyte subpopulations in dog G206
almost 6 years after transplantation, respectively, indicating
the ability of lentiviral vectors to transduce true repopulating
stem cells. (This is particularly important when the genetic
disease affects certain hematopoietic subpopulations, sug-
gesting that lentiviral vectors might be versatile tools for the
treatment of any kind of genetic disease affecting particular
subsets of a patient’s hematopoietic system.)

On review of all the previously published insertion sites in
proto-oncogenes (Beard et al., 2007b), all but one could be
detected at the most recent time points (data not shown). The
animals harboring these integrants are either still alive and
do not show any trend to monoclonal repopulation (G206
and G236) or had to be killed for reasons unrelated to their
hematologic parameters (G221, Addison’s disease). Thus,
it is likely that the lentiviral integration sites near proto-
oncogenes did not influence oncogene expression leading to
malignant outgrowth.

In conclusion, our data show polyclonal long-term he-
matopoiesis with lentivirus-transduced repopulating cells
without any evidence of monoclonality or leukemia. These
data suggest that the use of HIV-derived SIN lentiviral vec-
tors should allow for relatively safe gene correction of he-
matopoietic diseases, and improved safety characteristics of
lentiviral vectors are preferred over currently used gam-
maretroviral vectors.
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