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Lentiviral vectors are attractive tools for liver-directed gene therapy because of their
capacity for stable gene expression and the lack of preexisting immunity in most human
subjects. However, the use of integrating vectors may raise some concerns about the potential risk of insertional mutagenesis. Here we investigated liver gene transfer by integrasedefective lentiviral vectors (IDLVs) containing an inactivating mutation in the integrase
(D64V). Hepatocyte-targeted expression using IDLVs resulted in the sustained and robust
induction of immune tolerance to both intracellular and secreted proteins, despite the
reduced transgene expression levels in comparison with their integrase-competent vector
counterparts. IDLV-mediated and hepatocyte-targeted coagulation factor IX (FIX) expression prevented the induction of neutralizing antibodies to FIX even after antigen rechallenge
in hemophilia B mice and accounted for relatively prolonged therapeutic FIX expression levels. Upon the delivery of intracellular model antigens, hepatocyte-targeted IDLVs induced
transgene-specific regulatory T cells that contributed to the observed immune tolerance.
Deep sequencing of IDLV-transduced livers showed only rare genomic integrations that had
no preference for gene coding regions and occurred mostly by a mechanism inconsistent
with residual integrase activity. Conclusion: IDLVs provide an attractive platform for the tolerogenic expression of intracellular or secreted proteins in the liver with a substantially
reduced risk of insertional mutagenesis. (HEPATOLOGY 2011;53:1696-1707)

L

iver-directed gene therapy has the potential to
treat metabolic diseases and plasma protein deficiencies, including hemophilia.1-3 Moreover, hepatic gene transfer can favor the induction of immune

tolerance, so it may also be considered for the prevention or treatment of autoimmune diseases.4,5 Because
there is no need to overcome preexisting cellular or
humoral immunity to viral vector components, the use

Abbreviations: Ag, antigen; aPTT, activated partial thromboplastin time; CTL, cytotoxic T lymphocyte; ET, enhanced transthyretin; FACS, fluorescence-activated
cell sorting; FIX, coagulation factor IX; FOXP3, forkhead box P3; c-chain, cytokine receptor common subunit gamma; Gag, group-specific antigen; GFP, green
fluorescent protein; HIV, human immunodeficiency virus; ICLV, integrase-competent lentiviral vector; IDLV, integrase-defective lentiviral vector; IFA, incomplete
Freund adjuvant; IFN, interferon; IS, integration site; LAM-PCR, linear amplification–mediated polymerase chain reaction; LTR, long terminal repeat; LV,
lentiviral vector; MFI, mean fluorescence intensity; miR-142, microRNA 142; MOI, multiplicity of infection; ns, not significant; OVA, ovalbumin; PCR,
polymerase chain reaction; PGK, phosphoglycerokinase; PHX, partial hepatectomy; Rag2, recombination activating gene 2; Treg, regulatory T cell; UNT, untreated;
UTR, untranslated region; VCN, vector copy number.
From the 1Free University of Brussels, Brussels, Belgium; Vesalius Research Center, Flanders Institute of Biotechnology; University of Leuven, Leuven, Belgium; 2San
Raffaele Telethon Institute for Gene Therapy, San Raffaele Scientific Institute, Milan, Italy; 3Vita Salute San Raffaele University, Milan, Italy; 4National Center for
Tumor Diseases, Department of Translational Oncology, German Research Cancer Center, Heidelberg, Germany; and 5University of North Carolina, Chapel Hill, NC.
Received January 4, 2011; accepted January 27, 2011.
Luigi Naldini was supported by grants from the 7th European Union Framework Programme (agreement 222878, PERSIST) and Telethon (TIGET grant).
Maria Grazia Roncarolo was supported by Telethon (TIGET grant). Thierry VandenDriessche was supported by PERSIST, the Bayer-Schering Hemophilia Special
Project Award, the Fund for Scientific Research (FWO & FWO-Wetenschappelijke Onderzoeksgemeenschap), ‘‘Geconcentreerde Onderzoek Acties’’ GOA-EPIGEN
(Free University of Brussels), European Hematology Association (EHA) and Association Française contre les Myopathies (AFM) and Stichting tegen Kanker (STK).
Marinee Chuah was supported by PERSIST, the Fund for Scientific Research (FWO & FWO-Wetenschappelijke Onderzoeksgemeenschap), ‘‘Geconcentreerde
Onderzoek Acties’’ GOA-EPIGEN (Free University of Brussels) and EHA; Janka Ma´trai was supported by PERSIST and EHA (No.: 2010/21).
*These authors contributed equally to this work.
†
These authors share senior authorship.
1696

HEPATOLOGY, Vol. 53, No. 5, 2011

of lentiviral vectors (LVs) represents a promising
approach for liver gene transfer and immune tolerance
induction.6-8
In previous studies, we showed that immune tolerance induction with LVs is dependent on stringent targeting of transgene expression to hepatocytes, which
can be achieved by a combination of transcriptional
and posttranscriptional microRNA-based regulation.6,8
Transcriptional control elements derived from hepatocyte-specific genes were incorporated into the vector
design to preferentially express the transgene in hepatocytes. Because LVs readily transduce professional
antigen-presenting cells,9 target sequences for a hematopoietic-specific microRNA—microRNA 142 (miR142)–were incorporated downstream of the transgene
to suppress any residual expression in antigen-presenting cells.7 This stringent regulation suppressed the
induction of immunity against the transgene product
in the injected mice and induced antigen-specific
immunological tolerance, which could not be reversed
by vaccination.6 Using this strategy, we also obtained
long-term coagulation factor IX (FIX) expression in
hemophilia B mice, which resulted in immune tolerance to FIX and correction of the disease phenotype.8
Although these studies have demonstrated the feasibility of gene replacement therapy and immune tolerance induction with LVs, concerns remain about the
potential long-term adverse effects of vector integration
due to insertional mutagenesis. Although advanced LV
design potentially reduces this risk,10,11 the impact of
LV integration in the liver is largely unexplored. Moreover, it is not known whether the tolerogenic outcome
of microRNA-regulated LV delivery depends on
sustained high levels of transgene expression within
hepatocytes, which requires substantial levels of LV
integration and would limit the application of this
finding outside gene replacement strategies for the correction of monogenic diseases.
Integrase-defective lentiviral vectors (IDLVs) are
typically generated by the packaging of the vector
with catalytically inactive human immunodeficiency
virus (HIV) integrase.12,13 The class I D64V mutation in the integrase catalytic site substantially
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reduces integration (102- to 103-fold) without compromising other steps in the transduction pathway
and was thus adopted for this study.12,14-18 Upon
transduction, IDLVs can support transgene expression from the nonintegrated proviral forms. Because
this episomal DNA is progressively lost in actively
dividing cells, transgene expression is only transient.14,15,19 In contrast, IDLVs have been reported
to support sustained transgene expression in quiescent
mouse tissues, such as the retina and central nervous
system, likely because the episomal vector DNA is
retained within the postmitotic nucleus.17,18,20 Despite
these advances, the ability of IDLVs to achieve therapeutically meaningful transgene expression after hepatic gene delivery and to induce immune tolerance
has never been studied. Moreover, the nature of any
persistent IDLV genome in transduced cells is poorly
defined because a comprehensive characterization of
the residual IDLV integration profile is lacking. This
study addresses all these outstanding questions and
provides evidence supporting IDLVs as an emerging
platform technology for liver gene transfer and
immune tolerance induction.

Materials and Methods
Vector Construction. Plasmids pCCLsin.cPPT.ET.
cFIX.142T, pCCLsin.cPPT.PGK.OVA, and pCC
Lsin.cPPT.ET.OVA.142T (ET ¼ enhanced transthyretin, OVA ¼ ovalbumin, and PGK ¼ phosphoglycerokinase) were constructed with standard cloning
techniques. Details are available upon request.
Mouse Experiments. Green fluorescent protein
(GFP)–expressing integrase-competent lentiviral vectors
(ICLVs) and IDLVs were administered to 7-week-old
female BALB/c mice by tail vein injection. Six-weekold female and male C57BL/6 FIX-knockout mice
were injected intravenously on 2 consecutive days with
a total p24 dose of 260 lg (2 " 500 lL) in FIXexpressing ICLVs or IDLVs supplemented with 40
mg/mL polybrene. For 70% partial hepatectomy, mice
were anesthetized with isoflurane. Liver sections were
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Fig. 1. IDLV performance in hepatocytes culture (A) Schematic representation of the third-generation self-inactivating vector used for these
studies. SD: splicing donor site. SA: splicing acceptor site. w: packaging signal (including 5’ portion of GAG gene (GA)). RRE: Rev responsive
element. cPPT: central polypurine tract. Wpre: woodchuck hepatitis virus post-regulatory elements. 142T: miR-142 target sequence made of 4
tandem copies of a sequence perfectly complementary to miR-142. Vectors were produced with integrase-competent (ICLV) or integrase-defective
(IDLV) construct. The green fluorescent protein (GFP), coagulation Factor IX (FIX) and ovalbumin (OVA) were driven from the hepatocyte-specific
ET promoter composed of synthetic hepatocyte-specific enhancers and transthyretin promoter or the ubiquitously expressed phosphoglycerokinase
(PGK) promoter (B) Percentage of GFPþ cells and mean fluorescence intensity of GFP (MFI; left axis) and vector copies/diploid genome (vector
copy number – VCN; right axis) in Huh7 cells transduced with ICLV or IDLV at the indicated multiplicity of infection (MOI) and analyzed 3 days or
2 weeks after transduction by flow cytometry. Black bars correspond to ICLV-transduced cells, grey bars to IDLV-transduced cells. Circles show
VCN. The results are presented as mean 6 standard error of the mean (SEM; n ¼ 3). (C) Representative images of human primary hepatocytes
transduced as indicated or left untreated (UNT) and analyzed by live fluorescence microscopy 1 week after transduction. Nuclei are stained with
Hoechst. (D) Percentage of GFPþ cells and MFI of GFP (5 fields per sample; left axis) and VCN (circles, right axis) in cultures from quiescent
human primary hepatocytes. The results are presented as mean 6 range (n ¼ 2). Abbreviations: MOI, multiplicity of infection; UNT, untreated.

snap-frozen for genomic DNA extraction (Qiagen
DNA extraction kit, Qiagen, Belgium). FIX activity in
citrated plasma was quantified (Biophen factor IX
chromogenic activity assay, Hyphen Biomed, France)
according to the manufacturer’s instructions with
normal dog plasma as a reference (detection limit
> 0.1%). All animal experiments were approved by
the Animal Ethics Committee of the University of
Leuven or the San Raffaele Institutional Animal Care
and Use Committee (321).
Integration Site (IS) Analysis. To analyze ICLV
and IDLV integration, we used standard and nonrestrictive, 50 -long terminal repeat (50 -LTR)–mediated
and 30 -LTR–mediated linear amplification–mediated
polymerase chain reaction (LAM-PCR) as previously
described.21,22
Further details can be found in the Supporting
Information.

Results
IDLVs Efficiently Transfer Episomal Genomes Into
Human Hepatocytes In Vitro but Drive Lower
Levels of Transgene Expression Than Their Integration-Competent Counterparts. We generated GFPexpressing LVs with either integrase-defective (IDLV) or
integrase-competent (ICLV) packaging constructs and
compared their transduction efficiency and transgene
expression levels in human cell lines and primary hepatocytes in vitro. To drive transgene expression, we used a
hepatocyte-specific chimeric promoter (designated as
ET).8 The vectors carried target sequences for miR-142
in the transgene 30 -untranslated region (30 -UTR;
ET.GFP.142T; Fig. 1A). The physical particle content
was determined by HIV-1 group-specific antigen (Gag)
p24 quantification. To determine infectivity, which we
defined as transducing units per physical particle, we
designed an ad hoc quantitative polymerase chain

HEPATOLOGY, Vol. 53, No. 5, 2011
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Fig. 2. IDLV performance in the mouse liver (A) Morphometric analysis of GFP-expressing hepatocytes and VCN in the liver of mice injected
with the indicated HIV-1 p24 Gag equivalents of IDLV.ET.GFP.142T and analyzed at the indicated time post-injection. GFPþ cells were identified
either by immunostaining or direct fluorescence. Results are presented as mean 6 SEM of n ¼ 3 mice per time point, 5-10 optical fields
scored from 5-10 non-consecutive GFP-immunostained (filled bars) or unstained (open bars) liver sections per mouse (left axis). Circles show
VCN (right axis), as mean 6 SEM. (B) Same analysis performed for IDLV- (grey bars) vs. ICLV- (black bars) injected mice, n ¼ 3-7 mice per
IDLV time point from 3 different experiments. (C) Representative images of unstained liver sections from mice reported in (B). Nuclei were
stained with TOPRO-3. Abbreviation: UNT, untreated.

reaction (PCR) that selectively amplified the reversetranscribed vector genome and discriminated it from
plasmid DNA, which was carried over from the transfection used to produce the vectors (Supporting Information Fig. 1). IDLVs and ICLVs had similar infectivity in
several human cell lines (Supporting Information Table
1 and data not shown). We transduced the hepatocyte
Huh7 cell line and measured vector genomes and GFP
expression at 3 days and 2 weeks post-transduction (Fig.
1B). Initially, comparable amounts of reverse-transcribed
vectors were present in IDLV- and ICLV-transduced cells.
However, the frequency of GFPþ cells and the mean fluorescent intensity (MFI) of GFP were lower in IDLV-transduced cells versus ICLV-transduced cells (P < 0.01, n ¼
3), and this indicated less efficient expression from the former vector. Analysis of the same cultures 2 weeks after
transduction showed a nearly complete loss of vector
genomes and GFPþ cells in the IDLV-transduced cells, as
expected for an episomal form.
We then tested the same vectors on human primary
hepatocytes, which do not proliferate in culture, and
showed that IDLVs attained similar levels of transduced
vector genomes vector copy number (VCN) 1 week after
transduction but expressed GFP at substantially lower
levels in comparison with matched doses of ICLVs (n ¼
2; Fig. 1C,D). Overall, these data indicate that IDLVs

efficiently transfer episomal vector genomes into hepatocytes. However, these forms provide a less proficient substrate for the transcriptional machinery than the integrated proviral vectors.
IDLVs Support FIX Expression From Hepatocytes
in Mice. To ascertain that IDLVs could be used to
transduce hepatocytes in vivo, we injected increasing
doses (5-, 20-, and 40-lg HIV-1 Gag p24 equivalents,
n ¼ 8) of GFP-expressing IDLVs (ET.GFP.142T)
intravenously into adult mice and measured GFP
expression in hepatocytes and vector DNA contents in
the liver 5 weeks post-injection (Fig. 2A). A vector
dose–dependent increase in hepatic transduction was
apparent; the yield of GFPþ hepatocytes in the treated
livers was as high as 13% according to an analysis by
GFP-specific immunostaining. Subsequently, we
administered matched doses (20-lg HIV-1 Gag p24
equivalents) of GFP-expressing IDLVs and ICLVs
(ET.GFP.142T) intravenously to adult mice (n ¼ 20
for IDLV mice and n ¼ 4 for ICLV mice in three independent experiments) and measured GFP expression
and vector DNA contents in the liver at different
times post-injection (Fig. 2B,C). One week post-injection, GFP-expressing hepatocytes were readily detectable in IDLV-treated mice, although the frequency and
the intensity were substantially lower than those
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Fig. 3. Functional FIX expression in hemophilic mice FIX KO mice were injected with ICLV.ET.FIX.142T (A) or IDLV.ET. FIX.142T (B) and FIX activity was monitored in the mouse plasma collected by retro-orbital bleeding. Partial hepatectomy (PHX) was performed at week 12. In both panels,
grey lines correspond to untreated (UNT) FIX KO mice. (C) FIX activity in FIX KO mice injected with IDLV.ET.FIX.142T monitored for 1 year post
injection and not subjected to partial hepatectomy. Abbreviations: PHX, partial hepatectomy; UNT, untreated.

observed in mice treated with matched ICLV doses.
The contents of reverse-transcribed vector genomes
were only slightly lower in mice treated with IDLVs
versus mice treated with ICLVs and reached up to 1.5
vector copies per diploid genome. However, although
the GFP expression and the vector content remained
stable in the ICLV-treated mice, the frequency of
GFPþ hepatocytes and the vector content progressively
decreased with increasingly longer times post-injection
for the IDLV-treated groups.
We then administered matched high doses (260-lg
HIV Gag p24 equivalents per mouse) of IDLV- or
ICLV-expressing canine FIX complementary DNA
(ET.FIX.142T) to adult hemophilia B mice (n ¼ 15
for IDLV mice and n ¼ 8 for ICLV mice; Fig. 3).
IDLV delivery resulted in prolonged production of
FIX in mouse plasma at levels considered within the
therapeutic range (up to 1.5% of normal levels). In
agreement with the different efficiencies of expression
observed for the GFP marker, the FIX levels supported
by IDLVs were up to 15-fold lower than those supported by the cognate ICLVs. Twelve weeks post-injection, the VCN in transduced livers was 0.22 6 0.16
per diploid genome for the IDLV group and 4.36 6
0.24 per diploid genome for the ICLV group. At this
time, some of the IDLV-treated mice (n ¼ 7) and
some of the ICLV-treated ones (n ¼ 3) were subjected

to 70% partial hepatectomy. We validated the concept
that partial hepatectomy resulted in an increased incorporation of bromodeoxyuridine consistent with de
novo induction of hepatocyte proliferation (data not
shown). In the recovering mice, FIX levels remained
comparable to those measured before hepatectomy in
the ICLV-treated group (Fig. 3A). In contrast,
although FIX levels in the IDLV-treated mice were relatively stable before partial hepatectomy, they significantly declined shortly afterwards in the interval
between weeks 12 and 20 (P < 0.05; Fig. 3B).
Instead, there was no statistically significant decline in
FIX expression in another IDLV-treated cohort that
was not subjected to PHX in the same time interval
(weeks 12-20). Nevertheless, FIX expression had
become subtherapeutic after 1 year (Fig. 3C).
Overall, these data indicate that IDLVs, though less
efficient than their ICLV counterparts at expressing
transgenes from human and murine hepatocytes, can
support therapeutically relevant levels of transgene
expression in vivo. This finding warranted a further
assessment of the risk/benefit ratio of the IDLV platform. The posthepatectomy drop in FIX levels
observed in IDLV-treated mice suggested that FIX
expression could be attributed mainly to nonintegrated
vector episomes. Thus, we investigated the residual
IDLV integration frequency.
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Fig. 4. Assessment of residual IDLV integration in vitro and in the liver (see also Supporting Figure 2-4 and Table 1) (A) Distribution of integration sites determined by LAM-PCR that were located in gene coding regions of ICLV- (black bars) or IDLV- (grey bars) transduced mouse SC-1
and C1498 cells (SC-1 cells: 533 IDLV IS, 2419 ICLV IS; C1498: 271 IDLV IS, 898 ICLV IS). (B) LTR deletions (red triangles) and genomic deletions (blue triangles) identified in IDLV and ICLV integrants from which both the 5’ and 3’ genomic flanking region were identified by LAM-PCR.
The terminal CA dinucleotide (underlined, GT at end of 5’ strand LTR, complementary to CA at end of 3’ strand LTR) is shown if exist. The 5 bp
direct repeat of host DNA flanking the provirus is delineated in bold. The number of deleted bp in host DNA is indicated (Del.). LTR: long terminal repeat. LV: lentiviral vector. B2-PCR product gel image for primer set 1 (C) and primer set 2 (D). The arrows indicate the position of the respective PCR bands; densitometric analysis of the B2-PCR bands received with primer set 1 (E) and primer set 2 (F) in the untreated (UNT),
IDLV- and ICLV-treated liver samples. Statistically significant differences (*) were found between ICLV and IDLV (t-test: P < 10-4 and P < 10-11)
as well as between UNT and IDLV (t-test: P < 0.002) with both primer sets 1 and 2, respectively. Abbreviation: UNT, untreated.

IDLVs Integrate Only to Background Levels and
With Features Incompatible With Residual Catalytic
Activity of the HIV Integrase. Because the D64V
mutation reduces LV integration by 2 to 3 log (see
also Fig. 1),13 low-level integration still occurs with
this mutant. We therefore assessed residual IDLV integration in vitro and in the treated livers. First, two
murine cell lines were transduced with IDLV.GFP and
were subsequently cultured for 8 weeks to dilute out
the episomal forms. The GFPþ cells were then selectively enriched by fluorescence-activated cell sorting
(FACS). We then applied nonrestrictive and standard,
50 - and 30 -LTR–mediated LAM-PCR strategies21,22
along with 454 pyrosequencing to analyze IDLV integration in the bulk positive cell populations and in

single cell–derived clones. A comprehensive, large-scale
analysis of more than 800 unique, mappable IDLV ISs
on the mouse genome revealed close to random
genomic integration of IDLVs without any preference
for gene coding regions (Fig. 4A). In contrast, the
3317 unique ICLV ISs that could be mapped to the
genome showed the characteristic lentiviral IS profile
with gene coding regions as preferred targets. To distinguish noncanonical integration from residual integrase activity–mediated integration, we screened our
IDLV and ICLV integration data for the presence of
the characteristic 5-bp direct repeat of host DNA
flanking the proviral terminal CA dinucleotide as a
hallmark of integrase activity. For IDLVs, we retrieved
the 50 - and 30 -vector–host genome junctions in 22
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Table 1. Deep Sequencing of ICLV- and IDLV-Transduced Liver Samples
Vector

ICLV

IDLV

Raw Sequence
Reads

1-LTR Amplicon/Internal
Control

2-LTR
Amplicon

Reads With an
LTR1, %20-nt Genomic Sequence

Unique
Mappable ISs

LTR Deleted at the
Genome Junction by >3 nt

2787
2179
3169
2822
1451
971
1227
1365
2264
2752
1349
1173
2809
1722
3494
3260
3291
2771
2882
3251

211
13
896
250
284
530
373
466
371
400
221
193
347
215
350
223
316
330
275
241

51
0
53
258
760
237
82
154
838
996
795
587
1538
801
2124
2397
1799
1963
2795
1787

1688
244
101
288
340
186
767
26
841
1322
308
277
502
421
916
500
621
232
318
808

152
244
101
288
0
2
0
2
2
1
4
3
1
4
4
2
4
2
0
4

2 (10, 11 nt)
1 (22 nt)
2 (8, 23 nt)

1 (21 nt)

1 (11 nt)
1 (8 nt)
2 (19, 24 nt)
2 (14, 21 nt)
1 (25 nt)

1 (8 nt)

This table shows 454 sequencing results for ICLV- and IDLV-transduced liver samples. GFP-transduced samples are indicated in bold, and FIX-transduced samples are indicated in regular type. The 1-LTR amplicon and vector internal control fragments (resulting from the 30 -LTR-U3 LAM-PCR primer annealing at 50 -LTR-U3)
could not be distinguished by sequencing. Notably, the 2-LTR amplicon LAM-PCR product (restriction enzyme Tsp509I, AATT) exhibited a length of only 18 bp without an LTR and linker sequence, and this resulted in the overrepresentation of sequenced 2-LTR amplicons versus the 1-LTR amplicon and the internal control
(Supporting Information Fig. 4).

instances from the bulk cell populations (statistical
considerations make it extremely unlikely that such
junctions could come from two distinct integration
events) and in 2 instances from single cell–derived
clones. Seventeen of the 24 integrants showed loss of
the CA nucleotide at least at one end of the vector. All
24 integrants revealed a partial deletion of LTR and/or
genomic sequences, and no 5-bp direct repeat could
be detected in any of these vector-genome junctions
(Fig. 4B). In contrast, 18 of 19 ICLV integrations for
which both sequence ends were mapped revealed neither CA dinucleotide deletions nor LTR sequence deletions, and they harbored the typical 5-bp direct repeat
without genomic deletions. In agreement with these
data, screening for LTR sequence deletions in our
complete IS data sets showed that one-third of all
IDLV integrations had a partial loss of the LTR
sequence, whereas LTR deletions accounted for only
approximately 2% of all ICLV sequences. Interestingly,
our LAM-PCR screening for potentially broken linear
and circular vector forms, which used vector internal
primers binding to the GFP transgene or vector backbone, did not show any sign of integration (data not
shown). Our data provide direct molecular evidence
that the background integration of D64V IDLVs is
not mediated by residual catalytic activity of the mutant integrase.

To determine the residual IDLV integration frequency in the treated livers, we first performed a
semiquantitative nested PCR to amplify host DNA–
vector junctions with short interspersed (SINE) nuclear B2 repeat sequences that are scattered throughout the mouse genome (Supporting Information Fig.
2). Although the livers from ICLV-treated mice
yielded intense bands for the 50 - and 30 -vector–host
genome junctions, the livers from IDLV-treated mice
showed bands of much lower intensity consistent
with low-level residual integration (Fig. 4C-F). We
further retrieved vector sequences from the treated
livers at 6 to 12 weeks post-injection by highly sensitive LAM-PCR and deep sequencing. The number of
unique ISs found in the IDLV-treated liver samples
was significantly lower than the number in the ICLV
samples. In the IDLV liver samples (n ¼ 16), a total
of 35 unique, mappable ISs could be recovered versus
785 ISs in the ICLV samples (n ¼ 4, P < 10$9)
with an almost 100-fold lower frequency of retrieval
(Table 1). Accordingly, we retrieved an excess of 2LTR junctions from IDLV-treated liver samples versus
ICLV-treated ones, and this was suggestive of the
presence of episomal vector forms (2-LTR junctions:
54.5% in IDLV samples and 2.8% in ICLV samples;
Table 1 and Supporting Information Fig. 4). Consistent with the in vitro IS data, the few retrieved

HEPATOLOGY, Vol. 53, No. 5, 2011
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Fig. 5. Kinetics of liver lymphocytes infiltrate after IDLV gene transfer Mononuclear cells (MNC) were isolated from the liver of mice injected
with matched doses of hepatocyte targeted ET.GFP.142T IDLV (IDLV.142T) or control PGK.GFP IDLV (IDLV) at the indicated time post-injection
(IDLV.142T n ¼ 20, IDLV n ¼ 19, untreated n ¼ 9 in 3 indipendent experiment) (A) Frequency of CD8þ T, (B) GFP200-208-pentamer-positive,
and (C) CD4þCD25þFoxp3þ Tregs infiltrating cells was evaluated by flow cytometry. Data are expressed as the mean % 6 SD (n ¼ 3 per group
per time point; a representative experiment out of 3 is shown). (D) Ratio of T regs to CD8þ T cell. Abbreviation: CTL, cytotoxic T lymphocyte.

integrations did not show enrichment for genes and
frequently showed deletion in the LTR ends (25.7%
in IDLV samples and 0.6% in ICLV samples; Table
1 and Supporting Information Fig. 3).
Overall, these studies indicate abrogation of the
HIV integrase–dependent integration in IDLVs. The
background integration in treated livers exhibits molecular features reminiscent of those described for plasmids and other types of episomal DNA. This genomic
IS analysis further underscores the minimal risk of
insertional mutagenesis by IDLVs.
IDLV Delivery Can Tolerize the Recipient to
Foreign Antigens. We then investigated whether hepatocyte-targeted expression by IDLVs induces transgene-specific immunological tolerance. We monitored
liver infiltration by lymphocyte subpopulations after
the injection of IDLV.ET.GFP.142T or a control
IDLV expressing GFP from a constitutive PGK promoter, which was expected to induce a GFP-specific
immune response6 (n ¼ 20 for the IDLV.142T
group, n ¼ 19 for the IDLV group, and n ¼ 9 for
the untreated group). CD8þ T cell infiltration was
well detected 1 week after IDLV treatment independently of the presence or absence of miR-142
regulation. However, although the CD8þ T cells
persisted at a high frequency in the livers of mice
treated with the unregulated vector, they decreased
substantially 3 weeks post-injection in IDLV.142Ttreated mice (Fig. 5A). These findings were paralleled by the induction of GFP-specific CD8þ T cells
(Fig. 5B). The frequency of CD4þCD25þFOXP3þ
regulatory T cells (Tregs; FOXP3 ¼ forkhead box
P3) increased in the liver after treatment with both
IDLV types 3 weeks after vector administration;

however, the ratio of Tregs to CD8þ effector cells
was much higher in the mice treated with miR-142regulated vector than in control vector treated mice
(Fig. 5C,D).
To investigate whether active tolerance was established, we challenged the mice by intramuscular vaccination with GFP-encoding plasmids and evaluated
the frequency of GFP-specific CD8þ T cells in the
spleen and liver (Fig. 6A,B). Although the low frequency of GFP-specific CD8þ T cells induced in the
spleens and livers of IDLV.142T-treated mice did not
increase upon rechallenge, there were many more
antigen-specific effectors in the control, unregulated
IDLV-treated mice after the primary (IDLV) and secondary challenges (intramuscular plasmid). In addition, residual levels of vector genomes and GFP
expression were still detectable in the livers of mice
previously treated with IDLV.142T after rechallenge
(Fig. 6B and data not shown).
To further confirm that IDLV.142T is able to direct
the immune system toward the induction of immune
tolerance to transgene antigens, we reconstituted
immune-deficient recipients through the adoptive
transfer of immune cells derived from either immunized (IDLV-treated) or tolerized (IDLV.142T-treated)
mice (Fig. 6C). Rag2$/$c-chain$/$ mice (Rag2 ¼
recombination activating gene 2; c-chain ¼ cytokine
receptor common subunit gamma) were, therefore,
first transduced with hepatocyte-targeted ICLVs
(ET.GFP.142T) to obtain robust GFP expression in
hepatocytes. A pool of splenocytes and liver lymphocytes derived from naive, control IDLV-treated or
IDLV.142T-treated animals was transferred 1 month
later. Although comparable amounts of GFP-
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Fig. 6. Transgene-specific tolerance after IDLV liver gene transfer (A) Secondary immune response to the vector-encoded antigen was assessed
by frequency of IFN-c-producing, GFP-specific CD8þ T cells in the spleen of mice subjected to antigen re-challenge (by intramuscular vaccination
with GFP-encoding plasmids) 6 weeks after IDLV treatment. Single values are plotted and the mean 6 SD number of GFP-specific CD8þ T cells
per 106 total CD8þ T cells is shown (n ¼ 6 per group). Representative wells are shown on top. (B) Quantification of the CD8þ GFP200-208-pentamer-positive T cells infiltrating the liver of mice treated with the indicated IDLV (IDLV.PGK n ¼ 9; IDLV.PGK.142T n ¼ 6; IDLV.ET.142T n ¼ 3)
after antigen re-challenge. Single values are plotted and mean 6 SD is shown. Mean 6 SD VCN in the liver is indicated. (C) Morphometric analysis of GFPþ hepatocytes and VCN in the liver of immune-deficient mice previously injected with ET.GFP.142T ICLV and adoptively transferred (AT)
with cells derived from naı̈ve, IDLV.PGK- and IDLV.ET.142T-treated mice (from 5A-C). Mean 6 SEM of n ¼ 3 mice (left axis). Circles show mean
6 SEM VCN (right axis). A representative field is shown on top. Note that residual vector DNA in the liver of mice in which GFP-expressing hepatocytes were completely cleared can be ascribed to the persistence of vector genomes in transduced macrophages and endothelial cells that did
not express GFP. (D) Plasma samples from the various groups of animals were screened for anti-FIX neutralizing antibodies using an aPTT mixing
assay using a positive control of 2.6 Bethesda Units (BU) and a known negative control. Samples were assayed in a blinded fashion. Groups
include FIX KO mice treated with the indicated ET.FIX.142T vector or untreated (UNT) 12 weeks after vector administration, with or without challenge with canine FIX and IFA. Only untreated mice receiving FIX þ IFA had detectible neutralizing anti-FIX antibodies and all were greater than
2.6 BU. Abbreviations: Ag, antigen; ns, not significant; UNT, untreated.

expressing hepatocytes were detected in the mice
reconstituted with naive cells or cells derived from tolerant (IDLV.142T-treated) mice, a complete clearance
of GFPþ hepatocytes was observed in recipient mice
reconstituted with cells derived from control, unregulated IDLV-treated mice, and this was accompanied by
a loss of vector DNA. These results indicate that only
those cells derived from control mice exhibited the
full effector potential upon adoptive transfer, whereas
the effector cells derived from tolerized mice
(IDLV.142T-treated) were kept in check by the
induced regulatory compartment. Taken together,

these data indicate that GFP-specific immunological
tolerance was established.
To assess whether immune tolerance could be
induced by IDLVs toward a therapeutically relevant
secreted antigen, we evaluated the anti-FIX immune
response in hemophilic mice treated with FIX-encoding IDLV.142T. Activated partial thromboplastin time
(aPTT)–based Bethesda assays showed no anti-FIX inhibitory activity (Fig. 6D). Importantly, when these
IDLV.142T-treated mice were challenged with FIX
protein in incomplete Freund adjuvant (IFA), they
remained
negative
for
anti-FIX
neutralizing
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Fig. 7. Induction of transgene-specific Tregs by IDLV treatment CD4þ cells isolated from OTII Ly5.2 Foxp3-GFP transgenic mice were FACS-sorted
to remove GFPþ cells obtaining an homogeneous population of CD4þ non-regulatory T cells with a unique antigen specificity (OVA323-339 presented in IAb molecule). (A) Tregs-depleted OTII CD4þGFP- (2.5&times;106/mouse) were adoptively transfer intravenously into naı̈ve C57BL/6
Ly5.1 recipient mice one day before the injection of IDLV.PGK (n ¼ 3) or IDLV.ET.142T (n ¼ 3) encoding for OVA. Three weeks after IDLV administration livers were harvested and infiltrating lymphocytes isolated. OVA-specific induced Tregs (iTregs) were measured as GFPþ cells gated on
CD4þLy5.2þ. (B) a representative histogram and (C) mean % induced Tregs 6 SEM is reported.

antibodies. In contrast, hemophilic mice that were
not injected with any vector but were immunized
with FIX and IFA showed the induction of neutralizing antibodies (the Bethesda titer was >2.6 Bethesda
units in these mice, whereas it was below the level of
detection in all recipient mice of the other cohorts).
These results indicate that FIX-specific immunological
tolerance was established.
IDLV Delivery Induces Antigen-Specific Tregs. To
determine whether the antigen specificity of liver-infiltrating Tregs is affected by IDLV.142T administration,
the antigen-driven conversion of naive CD4þFOXP3$
T cells into FOXP3þ Tregs was evaluated. To this end,
we adoptively transferred naive CD4þ T cells obtained
from double-transgenic mice for an OVA-specific T
cell receptor (major histocompatibility complex II–restricted, OTII) and a GFP reporter knock-in downstream of the Foxp3 promoter. OTII CD4þ FOXP3-GFP
Ly5.2 T cells were isolated, FACS-sorted to deplete
FOXP3þ cells, and adoptively transferred into naive
Ly5.1 recipient mice before the injection of OVAencoding IDLVs or IDLV.142T (Fig. 7A). Three weeks
later, the recipient mice were euthanized, and GFP
expression, used as a surrogate marker for FOXP3, was
determined in OTII Ly5.2 CD4þ T cells. A signifi-

cantly higher frequency of OVA-specific Tregs was
detected specifically in the IDLV.142T-treated mice
versus the untreated or control, unregulated IDLVtreated mice (Fig. 7B). These results indicate that the
pattern of OVA expression driven by miR-142–regulated IDLVs in the liver favored the conversion of
transgene-specific naive CD4þ T cells into transgenespecific FOXP3þ-induced Tregs (Fig. 7B,C).
Overall, these data indicate that hepatocyte-targeted
expression of foreign antigens, including intracellular
or secreted, therapeutically relevant (FIX) and model
antigens (GFP and OVA), by IDLVs can result in a
state of transgene-specific immunological tolerance due
to a strong contraction of the transgene-specific effector compartment and the induction of the transgenespecific regulatory compartment.

Discussion
IDLVs are emerging as an attractive platform for
transgene expression for several purposes.23 This platform harnesses the pantropism and proficiency of LV
transduction without relying on integration and permanent modification of the cellular genome. Here we
show that IDLVs can be used to express transgenes for
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MÁTRAI ET AL.

a window of time in the liver as long as the expression
is stringently targeted to hepatocytes with transcriptional and miR-142–mediated regulation. Although the
IDLV expression efficiency is lower than that observed
for ICLVs, the expression levels are sufficient to induce
immune tolerance and achieve prolonged therapeutic
effects in a clinically relevant disease model. Moreover,
the nonintegrating feature of the platform provides important safety advantages because of the low risk of genotoxicity and the reversibility of transgene expression.
The declining transgene expression of IDLVs in proliferating cells has been mostly ascribed to the progressive loss of episomal DNA from the cell nucleus during mitosis versus the stably integrated provirus of
ICLVs. Here, we have reliably quantified the contents
of reverse-transcribed vector genomes and the transgene expression level in transduced dividing or quiescent cells, and we have shown that the expression efficiency per genome copy is significantly lower for
IDLVs versus ICLVs in hepatocytes. This may be due
to diffusion of the episomes to nuclear areas that are
not involved in active transcription, inefficient chromatin deposition, or enrichment with histone modifications typical of transcriptionally silenced chromatin.24
This is in contrast to what has been reported in other
quiescent tissues, such as the retina and the central
nervous system, and may indicate tissue-specific factors
affecting the expression and stability of episomal
IDLVs. It is conceivable that the incorporation of
additional genomic elements into the IDLV backbone
may improve the expression proficiency and nuclear
stability.
We have shown that IDLV background integration
occurs by mechanisms incompatible with residual activity of the mutant integrase because they often present deletions in the LTR ends and lack the typical
flanking genomic repeats at the insertion site. These
events may be mediated by nonhomologous end joining of linear episomes to sites of chromosomal breakage.25 Although we cannot rule out a contribution to
the observed sustained FIX expression by these integrated IDLVs, the significant decline of FIX expression
with the induction of hepatocyte proliferation after
partial hepatectomy strongly suggests that in vivo
expression is mostly mediated by the episomal forms.
The significantly lower expression of IDLVs versus
ICLVs represents a limiting factor for their application
to stable therapeutic gene replacement in the liver, at
least in the current design. However, IDLVs may be
considered whenever reversible gene transfer is preferable (e.g., the testing of a new gene therapy approach),
especially if the clinical setting imposes high safety
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bars in the face of existing treatment options (e.g.,
hemophilia) or the biological effects of gene-based
delivery are difficult to predict or may entail substantial toxicity. Here we demonstrate the therapeutic
potential of inducing a prolonged window of FIX
expression in the plasma of hemophilic mice. Apparently, FIX expression was more prolonged than GFP
expression after hepatic transduction with IDLVs. This
possibly reflects the higher vector doses and/or differences in the detection limits of the assays used to
quantify the expression of the respective transgene
products. IDLVs may also be used for hepatic expression of therapeutic proteins, such as interferon (IFN)
and other cytokines, in chronic viral hepatitis or hepatic tumors; gene-based delivery may provide therapeutic concentrations of the factor at the disease site
with limited systemic exposure and only for a defined
window of time.26,27
Hepatic gene transfer has been associated with the
induction of immunological tolerance to the transgene
product with several vector platforms.28-30 In contrast
to other viral vectors used in gene therapy, most subjects are immunologically naive to the IDLV vector
components, so it is unlikely that IDLV-transduced hepatocytes would be recognized by vector-specific cytotoxic T cells. Here we demonstrate a major accompanying benefit of hepatocyte-targeted IDLV gene
transfer: the induction of transgene-specific Tregs and
active tolerance to the transgene product. Most importantly, this response may extend beyond the duration
of vector-mediated transgene expression and improve
the efficacy of existing protein replacement therapy by
preventing the induction of neutralizing antibodies,
which represent one of the major hurdles of this treatment. Indeed, the in vivo induction of antigen-specific
Tregs by microRNA-regulated IDLVs may well represent their most attractive feature to date, and it
provides an intriguing contrast to the immunogenic
nature of unregulated IDLV delivery, which is currently being explored for the design of improved virusbased vaccines.31,32 Although IDLVs are less efficient
at expressing the transgene in hepatocytes in comparison with their integrating counterparts, they are
equally efficient at inducing transgene-specific tolerance, and this suggests that the pattern of transgene
expression (and not the level) plays a crucial role in
directing the immune system response in this setting.
A broad application of hepatocyte-targeted expression
by ICLVs for immune modulation is currently limited
by the concerns associated with integration in the target
cell genome. IDLVs are advantageous for this purpose
and could be exploited in inverse vaccination strategies

HEPATOLOGY, Vol. 53, No. 5, 2011

to tolerize individuals to protein replacement or gene
therapies and prevent the development of autoimmune
disease in at-risk individuals.33 The present study sets
the stage for further testing in preclinical models.
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Supporting Table 1
Vector

p24 ( g/ml)

Titer (TU/ml)

Infectivity (TU/ng p24)

IDLV n=3

211±9

3.7E+09±1.2E+09

1.8E+04±3.6E+03

ICLV n=3

162±28
ns (0.1270)

5.0E+09±5.8E+08
ns (0.3606)

3.9E+04±1.1E+04
ns (0.0907)

p

Titer and infectivity of IDLV vs ICLV. The table summarizes the p24, titer and
infectivity of 3 different vector batches of ET.GFP.142T either packaged with an
integrase-defective (IDLV) or integrase-competent (ICLV) configuration, as
measured on 293T cells. Data are presented as mean ± standard error of the mean. ns:
not significant (unpaired t test).

Supporting materials and methods

Vector production and titration
At TIGET third-generation ICLV were produced by Ca3PO4 transfection into 293T
cells, as previously described (1). Briefly, supernatants were collected, passed through
a 0.22µm filter, and purified by ultracentrifugation. For IDLV production
pMDLg/p.RRE.D64Vint was used instead of pMDLg/p.RRE as described (2). Vector
concentration in reverse transcribed units (rTU) was determined on 293T cells 3 days
after transduction, using an ad hoc qPCR, which selectively amplifies the reverse
transcribed vector genome (both integrated and non-integrated) discriminating it from
plasmid carried over from the transient transfection (RT-LV;
TCACTCCCAACGAAGACAAGATC-3’,

gag

U3 sense: 5’-

antisense:

5’

GAGTCCTGCGTCGAGAGAG-3’). The amount of human DNA loaded in the
reaction was quantified with a qPCR designed to amplify the hTERT gene as
described (2). Vector particles were measured by HIV-1 Gag p24 antigen
immunocapture according to the manufacturer’s protocol (NEN Life Science
Products). Vector infectivity was calculated as the ratio between titer and particle. At
VIB IC and IDLV expressing FIX were produced by transient calcium-phosphate
transfection of 293T cells as described previously (3). Cells were transiently
transfected at 90% confluence using calcium-phosphate transfection (Invitrogen).
Twenty-four hours after transfection, fresh D10 medium supplemented with Nu serum
(BD Nu Serum IV) and 1.1 mg/ml ml Na-butyrate (Sigma, Belgium) was added, and
viral vector-containing supernatant was collected at 24-hour intervals in two
consecutive days and snap-frozen for later use. Non-concentrated vector batches were
filtered on 0.45 mm filter (Corning, Elscolab, Belgium) and concentrated before in

vivo injection using the Centricon Plus-70 filter system (Millipore) by centrifugation.
Centrifugation was done for 90 minutes at 2000 rpm at 4°C. The retentate was
retrieved by centrifuging for 5 minutes at 2000 rpm at 4°C. Concentrated vector
aliquots were snap frozen and stored at -80°C for later use. IC and IDLV expressing
FIX were titered using HIV-1 p24 core profile enzyme-linked immunosorbent assay
(ELISA) (QuickTiter™ Lentivirus Quantitation Kit, Cellbiolabs).
In Vitro Experiments
Huh7 cells were transduced with ICLV or IDLV expressing GFP (ET.GFP.142T) at
multiplicity of infection (MOI) 50, 5, 0.5 and 3 days and 2 weeks after transduction
GFP expression was analyzed by flow cytometry (BD Canto System) and total DNA
was extracted using DNeasy Blood & Tissue Kit (Qiagen), according to
manufacturer’s instructions. Human primary hepatocytes were purchased from
Biopredic (France) according to a protocol approved by the San Raffaele Ethical
Committee (TIGET-HPCT) and maintained following manufacturer’s instructions.
Transduction with ICLV or IDLV was performed at different MOI (1 and 10). After 1
week of culture, nuclei were stained with Hoecsht 33258 (Sigma-Aldrich) and
analyzed by live fluorescence microscopy; total DNA was extracted using DNeasy
Blood & Tissue Kit (Qiagen), according to manufacturer’s instructions. Vector copy
number (VCN) was determined using an ad hoc qPCR, which selectively amplifies
the reverse transcribed vector genome (both integrated and non-integrated)
discriminating it from plasmid carried over from the transient transfection (RT-LV;
U3

sense:

5’-TCACTCCCAACGAAGACAAGATC-3’,

gag

antisense:

5’

GAGTCCTGCGTCGAGAGAG-3’). The amount of human DNA loaded in the
reaction was quantified with a qPCR designed to amplify the hTERT gene as
described (2).

Cell preparation
Mice were euthanized at the indicated time point, and spleens were collected and
processed into single cell suspension. Splenic CD8+ T cells were magnetically
isolated from splenocytes by negative selection kit (Miltenyi Biotec, Bergisch
Gladbach, Germany). Intra-hepatic leukocytes (IHL), which include T cell infiltrates,
were isolated from the liver by smashing the tissue and running the sample on a
Percoll (Sigma) gradient, as previously described (4). Interferon- -secreting cells
were enumerated by enzyme-linked immunospot (ELISPOT) assay in response to
GFP-expressing cells as described (4).
Flow cytometry
Splenocytes and IHLs were stained with the following monoclonal antibodies (mAb):
Allophicocyanin (APC) conjugated Foxp3 (Fjk-16s) staining kit (e-Bioscience); Rphycoerythrin (PE) conjugated anti-CD25 (PC61, Peridinin Chlorophyll (PerCP)
conjugated anti-CD8a (53-6.7); Pacific Blue conjugated anti-CD4 (RM4-5) (BD
Biosciences, Mountain View, CA). Detection of GFP-specific CD8+ T cells was
performed by APC labeled Pro5 MHC pentamer H-2Kd HYLSTQSAL (GFP200-208)
according to the manufactures instructions (Proimmune, Oxford, UK). Labeled cells
were analyzed with a FACSCanto flow cytometer equipped with Diva software (BD
Biosciences).
Tissue analysis
The liver was fixed in 4% paraformaldehyde, embedded in optimal cutting
temperature (OCT), and frozen in iso-penthane pre-cooled in liquid nitrogen. Cryostat
sections (10 µm thick) were blocked with 5% goat serum (Vector laboratories,
Burlingame, CA), 1% bovine serum albumine (BSA), 0.1% Triton X-100 in PBS, and
either directly analyzed under a 3-laser confocal microscope (Radiance 2100, Bio-

Rad, Hercules, CA), or previously incubated with rabbit anti-GFP (Molecular Probe;
Eugene, OR) washed and incubated with (FITC)-conjugated goat anti-rabbit
immunoglobulin G. Sections form untreated mice were used as negative controls.
Nuclei were stained with TOPRO-3 (Molecular Probe).
Integration site analysis
To analyze ICLV and IDLV integration in cultured cells, we used standard and nonrestrictive 5’- and 3’-LTR mediated LAM-PCR as described (5, 6). Briefly, 100ng
(for standard) or 500ng (for non-restrictive) DNA samples were pre-amplified by
linear PCR using biotinylated primers hybridizing to LTR sequences: 5‘TTAGCCAGAGAGCTCCCAGG-3‘

for

5’-LTR

LAM-PCR

and

5‘-

AGCTTGCCTTGAGTGCTTCA-3‘ for 3’-LTR LAM-PCR. In combination with the
previously reported linker cassette primers, two additional exponential amplifications
were

achieved

using

the

following

LTR

primers,

respectively:

5‘-

GATCTGGTCTAACCAGAGAG-3‘ and 5‘-CCCAGTACAAGCAAAAAGCAG-3‘
for

5’-LTR

LAM-PCR;

5‘-AGTAGTGTGTGCCCGTCTGT-3’

and

5‘-

GATCCCTCAGACCCTTTTAGTC-3‘ for 3’-LTR LAM-PCR. Insertions of ICLV
and IDLV in liver samples were analyzed by standard 3’LTR LAM-PCR with the
primers previously described (5, 6). LAM-PCR amplicons were purified, tagged for
downstream 454 pyrosequencing and bioinformatical analyses as previously
described (7). Because of possible deletions in the LTR of the IDLV an amplicon
sequence was considered as valid vector-host genome junction if the megaprimer
sequence and at least 5 or 18 nucleotides of the LTR were present. The remaining
sequences were automatically aligned to the mouse genome (assembly NCBI37/mm9)
using BLAT (8). Alignments with at least 95% sequence identity were reported as
integration sites. LAM-PCR amplicon sequences are available as open access

database at https://consert.gatc-biotech.com/lampcr/. For username and password
please contact the corresponding author MS
Antigen Rechallenge
DNA vaccination was performed 6 weeks after vector administration, as previously
described (4). Briefly, 0.5 nmol cardiotoxin-1 (Sigma-Aldrich) was injected in triadic
leg muscles. Five days later mice were injected again in the same position with 50
g/leg of pCCLsin.cPPT.CMV.GFP.wpre

plasmid. Mice were euthanized 12 days

after DNA administration. Six months after vector administration mice were
immunized with 4ug cFIX (Enzyme Research Laboratories) by means of
subcutaneous injection (n=3 for both IC and IDLV). As control mice non-injected
mice of the same strain (C57BL/6 FIX KO) were used (n=3). Canine FIX was solved
in 100 ul PBS and was supplemented with 100 ul Incomplete Freund Adjuvant (IFA)
(Sigma-Aldrich). As negative control (n=3, IDLV, ICLV and non-injected mice) mice
were injected only with IFA. Immunization was repeated using exactly the same
procedure a month later.
Adoptive transfer
C57Bl/6 OT-II TCR transgenic Ly5.2 mice were crossed with C57Bl/6 FOXP3-GFP
knock-in Ly5.2 mice. FACS sorted Ly5.2 OT-II CD4+

FOXP3-GFP-

were administred

into C57Bl/6 Ly5.1 recipient mice by tail vein injection (2.5x106 cells/mouse), one
day before OVA-encoding IDLV or IDLV.142T administration. Reconstitution of
Rag2-/- -chain-/- mice was performed by intraperitoneal injection of pooled
splenocytes and liver lymphocytes (6x107 cells/mouse) isolated from naïve, IDLVtreated or IDLV-142T-treated as described above.
B2-PCR and qPCR

To check for genomic integration we use a PCR methods based on B2 repeats that are
common in the mouse genome and that allow for amplification of integration
junctions (9). For B2-PCR 2 primers sets were applied. Primer set 1: B2 sense: 5’GGCTGGTGAGATGGTTCAGT-3’,

5NC2

antisense:

5’GAGTCCTGCGTCGAGAGAG-3’, corresponding nested primer set: LTR9 sense:
5’-GCCTCAATAAAGCTTGCCTTG-3’,
GGCGCCACTGCTAGAGATTTT-3’;

U5PBS
Primer

set

2:

antisense:5’WPRE

sense:

5’-

CTTTCCATGGCTGCTCGC-3’, B2 antisense: 5’-ATATGTAAGTACACTGTAGC3’,

corresponding

nested

primer

CGAGCTCGGTACCTTTAAGACC-3’;

set:
LTR8

nef

sense:

antisense:

5’5’-

TCCCAGGCTCAGATCTGGTCTAAC-3’. For amplication the follwing conditions
were used: 5' B2-PCR 10 minutes at 95°C, 1 minute at 94°C, 1 minute at 57°C, 1
minute at 72°C, repeated 30 times, followed by an extra 7 minutes' extension at 72°C.
The amplification conditions for the 3' B2-PCR were similar to the 5' B2-PCR but
differed in that an annealing temperature of 49°C was used. A total volume of 50 µl
was used containing 0.2 mM deoxynucleoside 5'-triphosphates, 1.5 mM MgCl2, 0.4
µM each of the primers, and 2.5 U Ampli Taq Gold (Perkin Elmer, Boston, MA).
After this amplification, a nested PCR was performed with 2.5 µl B2-vector PCR
product with 2 different internal primers in the vector genome. For the 5' nested PCR,
the primers used were as follows: LTR9 sense, 5'-GCCTCAATAAAGCTTGCCTTG3'; U5PBS antisense, 5'-GGCGCCACTGCTAGAGATTTT-3' amplifying a fragment
of 121 bp. For the 3' nested PCR, the primers used were as follows: Delta nef sense,
5'-CGAGCTCGGTACCTTTAAGACC-3';

LTR8

antisense,

5'-

TCCCAGGCTCAGATCTGGTCTAAC-3' amplifying a fragment of 166 bp. The
amplification conditions were similar to the B2-vector PCR but differed in that the

annealing temperature was 55°C for the 5' nested PCR and 58°C for the 3' nested
PCR. As control, a nested PCR was performed with the use of 10 ng nonamplified
genomic DNA from liver of treated and control mice. The PCR mix was subsequently
subjected to 1.5% agarose gel electrophoresis. At VIB vector copy number (VCN) in
the liver of mice injected with IC or IDLV expressing FIX was quantified by
quantitative (q)PCR using an ABI7500 following the manufacturer’s instruction.
Primers

used

for

quantifying

vector

copy

number

were

5'-

TGTGTGCCCGTCTGTTGTGT-3' and 5'-GAGTCCTGCGTCGAGAGAGC-3' and
Taqman probe 5'-CGCCCGAACAGGGACTTGAA-3'. The qPCR reaction mix
contains 12.5 µl of ABI-Q-PCR MASTER Mix, 0.75 µl of each 10 mM primers and
0.5 ml of the 10 mM Taqman Probe and 8.5 µl of gDNA containing 51 ng of total
genomic DNA. Water was added to adjust the final volume. The qPCR reaction
conditions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles at
95°C for 15 seconds and 60°C for 1 minute. At TIGET vector DNA was quantified
as follows: genomic DNA was extracted from liver samples by using “Maxwell 16
Tissue DNA Purification Kit” (Promega, Madison/WI, USA), according to
manufacturer’s instructions. VCN were quantified by qPCR using a primer and
probe set (LV sense: 5’-TACTGACGCTCTCGCACC-3’; LV antisense: 5’TCTCGACGCAGGACTCG-3’, LV probe: FAM

5’-

ATCTCTCTCCTTCTAGCCTC-3’) against the primer binding site (PBS) region of
LV. Endogenous DNA amount was quantified by a primer/probe set against the
human telomerase gene (Telo sense: 5’-GGCACACGTGGCTTTTCG-3’; Telo
antisense: 5’- GGTGAACCTCGTAAGTTTATGCAA-3’; Telo probe:

VIC

5’-

TCAGGACGTCGAGTGGACACGGTG-3’ TAMRA) or the murine ß-actin gene (ßAct

sense:

5’-AGAGGGAAATCGTGCGTGAC-3’;

ß-Act

antisense:

5’-

CAATAGTGATGACCTGGCCGT-3’;

ß-Act

probe:

VIC

5’-

CACTGCCGCATCCTCTTCCTCCC-3’). Copies per genome were calculated by the
formula: (ng LV/ng endogenous DNA) x (n° of LV integrations in the standard
curve). The standard curve was generated by using samples with previously
determined copies by Southern blot analysis. All reactions were carried in out in
triplicate in an ABI Prism 7900HT (Applied Biosystems, Foster City, CA).
Inhibitors test
Plasmas were screened for inhibitors with an activated partial thromboplastin time
(aPTT) mixing assay, a standard screening assay for the presence or absence of
inhibitory antibodies to either coagulation factor VIII or IX (10). Test plasmas were
incubated in a 1:1 mix with normal plasma for 2 hours at 37 degrees and then the
incubated mixture was assayed using standard aPTT reagents (11, 12). Control
plasmas with known Bethesda Inhibitor titers of 2.6 (positive controls) and with no
inhibitors (negative controls) were assayed concurrently for comparison. In this
manner, the animals that developed inhibitors were identified and that, when present,
the inhibitor titer was higher than 2.6 BU.
Image analysis and statistics
Image pixel analysis to estimate the %GFP positive pixels and densitometry to assess
the mean gray pixel value of the PCR bands was done by ImageJ
(http://rsb.info.nih.gov/ij/). Statistical analysis was performed using Student t-test and
ANOVA at =0.05 level of confidence.
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