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Liver 
 
The liver plays an important role in a variety of processes including metabolism, 
storage of vitamins and minerals, cholesterol and lipid homeostasis, secretion of 
albumin and clotting factors into blood, glycogen synthesis, and synthesis and 
secretion of bile acids.  The liver is comprised of specialized cells, of which Kupffer 
cells, liver sinusoidal endothelial cells (LSEC), and hepatocytes represent 
approximately 90% of the cell mass (Figure 1).  Kupffer cells are resident liver 
macrophages that line the sinusoidal wall and are responsible for clearing the blood 
of foreign particles, including viruses, aged erythrocytes, and cellular fragments(1).   
The LSECs line the capillary bed of the liver and form a semi permeable barrier with 
fenestrae allowing for a dynamic exchange of substances between blood and 
hepatocytes (2).  The hepatocytes, which are the major cell type within the liver, 
perform the majority of metabolic and biosynthetic functions of the liver. 
 

 
Figure 1 Cross sectional cartoon of a liver lobule depicting sinuosoidal architecture.  
Hepatocytes (cuboidal shaped) are surrounded by the fenestrated LSEC.  In the space of Disse 
(between the hepatocytes and LSEC) are the stellate cells (blue) and Kupffer cells (purple), 
although depicted as resting on the LSEC, Kupffer cells are typically found in the 
intrasinuosoidal space.  Reprinted from(3) with permission. 

 

 
Inherited liver disease  
 
Given the broad range of functions performed by the liver it is not surprising that 
there have been many inherited liver disorders identified.   These disorders can result 
in phenotypes ranging from mild to severe disease and can be classified into causing 
either primary liver disease or manifest as extrahepatic disease.  Examples of the 
former category include progressive familial interhepatic cholestasis type III, alpha 1-
antitrypsin deficiency, or Wilsons’ disease.  Here the accumulation of toxic 
metabolites within the hepatocyte leads to hepatotoxicity.  Examples of the later 
category include metabolic deficiencies such as, Crigler-Najjar syndrome type I, 
ornithine transcarbamylase (OTC) deficiency, and coagulation disorders such as 
hemophilia A and B.  Treatment options for many of these disorders generally involve 
a combination of dietary, pharmacological, and recombinant protein therapies.  Since 
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this does not correct the underlying disorder, life-long therapy is required.  Orthotopic 
liver transplantation (OLT) remains the only curative measure for those patients who 
progress to end-stage liver disease(4-7).  Due to an extreme shortage in liver donors 
and morbidity associated with life-long immunosuppression alternative treatment 
strategies are desperately needed.   
 
 
Gene therapy 
Gene therapy offers an alternative approach for the treatment of inherited disorders 
of the liver.  Unlike traditional treatments that treat the underlying disease symptoms, 
gene therapy has the potential to permanently correct the disorder.  The aim of gene 
therapy is to introduce a functional copy of the defective, disease causing, gene into 
the appropriate target cell.  In the case of inherited liver disorders, the hepatocyte.   
Although simple in theory, practical application of gene therapy in the clinic has been 
met with several obstacles.  These obstacles include efficient delivery of the 
therapeutic gene to the target cell, long-term regulated expression, and overcoming 
immune responses directed against both the delivery vehicle and therapeutic gene. 
 
Approaches to gene transfer can be divided into two categories:  non-viral and viral.  
Although non-viral delivery is considered a safer approach, significant improvements 
are needed in improving gene transfer efficiency(8;9).  Viruses have evolved specific 
mechanisms for the efficient delivery of genetic material to cells.  Viral vectors, 
developed through ablation of pathogenic and non-essential viral genes for gene 
transfer, can efficiently deliver a therapeutic gene cassette ex vivo and in vivo.   
Indeed, viral based vector systems represent approximately 70% of the gene delivery 
systems used in ongoing clinical trials. (http://www.wiley.co.uk/genmed/clinical/).  
Table 1 summarizes properties of some of most commonly used viral vectors used in 
gene therapy.  More details of commonly used viral vector systems for gene therapy 
are reviewed in(10;11).   
 
An ideal gene therapy vector for the correction of inherited liver disorders should 
have efficient gene transfer to quiescent hepatocytes, provide life-long regulated 
expression, and should not cause morbidity.   
 
Lentiviral vectors (LV) 
 
Lentiviral vectors (LV) derived from the Human Immunodeficiency Virus (HIV-1), are 
well suited for the correction of inherited liver disorders.  The HIV-1 virus belongs to 
the family of Retroviridae, which comprises a wide range of single-stranded RNA 
enveloped viruses that replicate through a double-stranded DNA intermediate.  
During retroviral replication, the double-stranded DNA provirus integrates into the 
host cell genome and uses the cells own transcriptional machinery to express viral 
proteins and genomic RNA for the production of new viral particles (12).  Unlike 
simple retroviral vectors derived from murine leukaemia virus (MLV), Rous sarcoma 
virus (RSV), and avian leucosis virus (ALV), LV are capable of gene transfer to non-
dividing cells(13;14).   
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Table 1.  Overview of commonly used viral vectors in gene therapy. 
Vector Vector 

genome 
Packaging 
capacity(kb)

Immuno-
genicity 

Advantages Disadvantages

Adenovirus dsDNA 8 High Stable virus 
with liver 
tropism 

Immunogenic  
Large 
percentage of 
human 
population has 
pre-existing 
antibodies 

Gutless 
adenovirus 

dsDNA 37 Low Long-term 
expression 

Difficult to 
produce 

Adeno 
Associated 
Virus 
(AAV) 

ssDNA <5 Low Long-term 
expression 

Small 
packaging 
capacity 
30% human 
population has 
pre-existing 
antibodies 

Herpes 
Simplex 
Virus 
(HSV) 

dsDNA 40 High High 
packaging 
capacity  
Neuron 
tropism 

Induces 
toxicity and 
inflammation 

Retrovirus RNA 8 Low Long-term 
expression  

No gene 
transfer to 
quiescent cells
Integration  
may cause 
oncogenesis 

Lentivirus RNA 8 Low Long-term 
expression  

Integration 
may cause 
oncogenesis   

 
 
The original HIV-1 genome depicted in Figure 2 was split based on cis and trans 
elements into a four component system and is referred to as the third generation LV 
system (15).  The pathogenic accessory proteins vif, vpr, vpu and nef were removed 
as they were not required for gene transfer (16).   In wild type HIV-1, efficient viral 
gene expression from the LTR promoter is dependent on the Tat protein.   Tat 
independent viral RNA expression was obtained by fusing a strong constitutive 
promoter to the 5’ LTR U3 region which allowed for the ablation of the Tat gene (15).  
The Rev, Gag-Pol, and Env genes are expressed from separate plasmids as they are 
only required for virus production.  LV were engineered to be self inactivating (SIN) 
by introducing a deletion in the 3’ LTR U3 region to prevent mobilization and 
recombination with wild type HIV(17;18).  Together these modifications result in a 
viral vector with a relatively high level of biosafety that may be suitable for clinical 
use. 
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To improve gene transfer efficiency, particularly to non-dividing cells, the central 
polypurine tract (cPPT) was reintroduced into the transfer vector.  The cPPT 
enhances nuclear import of the provirus leading to improved gene transfer efficiency 
(19).  A short sequence from the Gag coding sequence was reintroduced into the 
transfer vector, the so called Rev response element (RRE) for the transport of 
unspliced viral RNA to the cytoplasm (15).   Introduction of the post-transcriptional 
regulatory element from either woodchuck hepatitis virus (WPRE) (20) or human 
hepatitis B virus PRE (21) was shown to increase transgene expression levels.   
 
 

 
Figure 2.  Third generation lentiviral vector system split into a four plasmid system.  Wild type 
HIV-1 provirus is depicted in the upper section.  (1) Commonly referred to as the transfer 
vector, this plasmid contains the minimal cis elements required for packaging into viral 
particles and integration.  Ψ is a cis acting sequence required for packaging of RNA into viral 
particles.   Packaging plasmids (2) Gag-Pol expressing viral structural proteins (Gag), and 
reverse transcriptase, integrase, and protease (Pol), (3) viral envelope protein, and (4) rev 
expressed in trans. 

 
 
Pseudotyping LV  
 
The interaction of the viral envelope protein with cell surface molecules and receptors 
determines which cells are permissive to viral infection.  The native tropism of HIV-1 
has been shown to be restricted to hemotopoietic cells expressing the CD4 receptor 
and either CCR5 or CXCR4 coreceptor.  An interesting property of enveloped viruses 
is the ability to incorporate heterologous envelope proteins, a process termed 
pseudotyping.  These resulting pseudotyped vectors often have an altered tropism 
and physical properties.  This was first demonstrated in HIV-1 by ablating the native 
gp160 envelope protein and providing in trans the amphotropic MLV glycoprotein 
which resulted in infective viral particles with the amphotropic host range (22).  
Subsequently other heterologous viral envelope proteins were shown to successly 
pseudotype LV.  Most notably was the use of the VSVg envelope protein to 
pseudotype LV.  VSVg pseudotyped LV have a broad host-cell range and can be 
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concentrated to high titers by ultra-centrifugation with minimal loss in infective virus 
particles (14;23;24).  Due to its extensive use, the VSVg envelope protein has 
become a gold standard for comparing the effectiveness of other heterologous 
envelope proteins.  For a review of other glycoproteins commonly used to 
pseudotype lentiviral vectors see (25). 
 
The envelope protein from the baculovirus Autographica Californica multicapsid 
nucelear polyhedrosis virus (AcMNPV), GP64, has been shown to efficiently 
pseudotype LV.  Although replication of the AcMNPV baculovirus is restricted to 
insects, introduction of a mammalian promoter resulted in efficient gene transfer to 
hepatoma cells and primary hepatocytes(26).   As compared to VSVg, GP64 
pseudotyped LV have a broad tropism and can be concentrated by ultracentrifugation 
without significant loss in viral titer (27).  A comparison of gene transfer to murine 
livers of VSVg and GP64 pseudotyped LV showed a similar pattern of gene transfer 
predominantly to liver non-parenchymal cells (28).  Additionally, the GP64 envelope 
protein has been used for the surface display of peptides and proteins (29-31) and 
may be a good platform to express peptides, ligands, or proteins with high affinity for 
hepatocytes (Chapters 3 and 4).   
 
 
 
Lentiviral vectors for hepatocyte directed gene transfer 
 
Isolated primary hepatocytes are efficiently transduced in vitro by LV(21;32).  In 
contrast, systemic delivery of LVs results in poor gene transfer to hepatocytes in vivo 
(33-36).  Analysis of rodent livers following systemic LV administration has showed 
extensive gene transfer to the non-parenchymal cells of the liver (35;37) (Chapters 2 
and 3).  Although LV are capable of gene transfer to non-dividing cells, it has been 
shown that induction of cell cycling leads to enhanced hepatocyte gene transfer 
(33;38;39).   Additionally, Park et al. demonstrated in a murine model that gene 
transfer efficiency decreases with hepatocyte age (40).  This suggests that treatment 
efficiency from LV gene therapy would benefit from early diagnosis.  
 
Several different heterologous viral envelope proteins have been evaluated for 
hepatocyte directed gene transfer including those from Ross River virus (RRV) (37), 
baculovirus (28;41), and Sendai virus (42).  Kang et al. reported a 20 fold 
improvement in gene transfer efficiency of RRV pseudotyped LV to hepatocytes, as 
compared to VSVg pseudotyped LV, with detectable gene transfer to liver non-
parenchymal cells (37).  Although there is one report of a GP64 pseudotyped feline 
immunodeficiency virus (FIV) LV with hepatocyte specific gene transfer (41), this has 
not been observed with HIV based LV systems (28) (chapter 3).  Sendai virus fusion 
protein pseudotyped lentiviral vectors displayed preferential hepatocyte gene transfer 
in vitro, but were not evaluated in vivo, due to problems with incorporation into viral 
particles and low stability (42).   
  
Lentiviral vectors have been evaluated for their therapeutic potential in various 
animal models of inherited liver disorders.  Systemic injection of LVs coding for either 
human clotting factor VIII or IX has lead to therapeutic levels of protein expression in 
murine models (36;39;43;44).  In immuno-competent animal models, expression 
levels of the clotting factors were transient and loss of expression correlated with the 
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detection of antibodies directed against the respective factor.  Follenzi et al. 
demonstrated it was possible to obtain long term expression of human factor IX using 
a hepatocyte specific promoter to drive transgene expression (43).  In a rodent model 
for the inherited metabolic disorder Crigler-Najar syndrome, Seppen et al. 
demonstrated long-term correction only following in utero LV pgk UGT1A1 injection 
(45).  Injection into neonates resulted in transient correction of the phenotype and 
loss of UGT1A1 expression which correlated with the detection of antibodies against 
UGT1A1 (46).  As with human clotting factor IX, when a hepatocyte specific promoter 
was used to drive UGT1A1 expression, long-term correction was reported in neonate 
(47) and juvenile rats (48).   
     
 
Regulating gene expression  
 
Gene expression is dynamic.   To restore physiological conditions the expression of a 
therapeutic gene should ideally be under the control of its endogenous promoter and 
enhancers.   Unfortunately, these promoter and enhancer elements are often too 
large to fit into a gene therapy vector.   Generally, strong constitutive promoters are 
used to drive expression of therapeutic genes to overcome low gene transfer 
efficiency.  Over-expression of a therapeutic gene can be deleterious.  Clinical 
implementation of gene therapy will require the ability to modulate the expression of 
the therapeutic gene to maintain expression levels within a therapeutic window and 
adjust expression levels based on disease progression within the patient (49). 
 
To accomplish this, a variety of transcriptional regulatory systems were developed to 
induce gene expression in response to an exogenously administered small molecule.  
The tetracycline-dependent transcriptional regulatory system (50) is one of the best 
studied systems with proven efficacy in vitro and in vivo (49;51-54).  This system is 
based on the Escherichia coli Tn10 Tetracycline resistance operator consisting of the 
tertracycline repressor protein (TetR) and a specific DNA-binding site, the tetracycline 
operator sequence (TetO) (Figure 3A).  In the absence of tetracycline the TetR 
protein dimerizes and binds to the TetO preventing gene expression.  Tetracycline or 
doxycycline (a tetracycline derivative) can bind and induce a conformational change 
in the TetR protein leading to its disassociation from the TetO.  A TetR mutant was 
identified with a reverse phenotype where binding to the TetO required the presence 
of doxycycline(55).   
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Figure  3.  Regulation of gene expression with the Tet operon and TetR derived transcriptional 
activators.  (A) The Tn10 tet operon from E. coli consisting of the the tetracycline repressor 
protein (TetR) and tet operator (TetO).  In the absence of tetrac tetracycline (Tc) the TetR 
dimerizes and binds to the TetO, blocking gene expression.  Tetracycline or derivatives such 
as doxycycline can bind to the TetR, induce a conformational change, leading to 
disassociation from the TetO and gene expression.  (B) The Tet-off regulatory system.  The 
VP16 activation domain from HSV was fused to the carboxy terminus of TetR to generate a 
eukaryotic transcriptional activator, tTA.  A minimal CMV promoter was fused to several copies 
of the TetO to generate and tetratcycyline responsive element (TRE).  By default, gene 
expression is active in the absence of effector and must be actively repressed by addition of 
doxycycline.  (C) The Tet-on regulatory system.  A mutant TetR with a reverse phenotype was 
used in place of TetR to make a reverse tTA (rtTA).  Gene expression requires the addition of 
doxycycline.  (Reprinted from(56) with permission.) 

 

To adapt this system for use in mammalian cells, the VP16 activation domain from 
Herpes simplex virus was fused to TetR (tTA)(50) (Figure 3B) and the mutant TetR 
(rtTA) (55) (Figure 3C).  A tetracycline responsive promoter  (TRE) for mammalian 
expression was constructed by fusing a minimal cytomegalovirus (CMV) promoter to 
seven tandem TetO repeats (50).  Mutagenesis and codon optimization was 
performed on the reverse TetR to produce improved rtTA variants with reduced basal 
activity and improved sensitivity to doxycycline (57).  Additional rtTA variants were 
identified by viral evolution that can respond to as little as 10 ng/ml doxycycline (58).  
Many of the earlier described Tet-On regulated transgene expression systems used 
two separate constructs, one containing the TRE regulated transgene and the 
second containing rtTA expressed by a constitutive promoter.  This binary system 
relied on the co-transduction of cells and required selection and screening to obtain a 
homogenously transduced population, which is not possible in vivo.  Therefore, 
combining all the elements into a single vector would be of benefit for in vivo use.   
 
One disadvantage of a single vector is promoter interference occurring between the 
TRE promoter and the constitutive promoter used to express tTA or rtTA.  To solve 
this problem, tTA or rtTA was expressed from the TRE promoter resulting in 
autoregulatory expression. Early attempts at autoregulatory expression of tTA 
showed toxicity which was believed to be associated with transcriptional squelching 
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(59;60).  In contrast, autoregulatory expression of rtTA has the advantage of 
expressing extremely low levels of both the transactivator and transgene product in 
the absence of doxycycline.   The basal expression of rtTA is sufficient for initiation of 
the autoregulatory loop following doxycycline administration.  Surprisingly, a limited 
number of studies have evaluated autoregulatory expression of rtTA in a plasmid 
(61;62) and AAV vector (63) as compared to tTA (59;64-68).  Restricted expression 
of rtTA with an autoregulatory system could expand applicability both in vitro and 
possibly in vivo.  Such a system could avoid high levels of rtTA expression obtained 
with strong constitutive promoters and minimize toxicity and potential immunogenicity 
of rtTA.  Previous studies of autoregulatory rtTA expression were performed in 
transient vector systems (61-63) that remain episomal and are not suited for long-
term expression.   
 
Although there have been significant improvements made in the basal activity and 
sensitivity of rtTA, this chimeric bacterial and viral protein can be a potent 
immunogen.   Indeed in studies performed in mice (69) and non-human 
primates(70;71), potent immune responses were detected against rtTA including rtTA 
antibodies and potent CTL responses leading to immune mediated clearance of 
transduced cells and loss of transgene expression.  Several factors seem to play an 
important roll in determining if an immune response is mounted against rtTA, 
including the vehicle used to deliver the expression cassette, the site of injection, and 
the animal model studied.    
 
 
Immune response to the therapeutic gene 
 
One of the most formidable barriers to long-term correction by gene therapy is the 
recognition of the therapeutic gene as a foreign antigen and subsequent elimination 
of transduced cells.   In a majority of inherited disorders, deletions and mutations in 
the effected gene results in absence of protein expression.  Thus, the de novo 
expression of the therapeutic protein from a gene therapy vector may result in an 
immune response against the foreign therapeutic protein leading to the clearance of 
transduced cells (72;73).   In addition to the therapeutic protein, the viral vector itself 
may be sufficient to induce an immune response (73).  Thus, long-term gene 
expression in humans may require both improvements in vector design and 
application of lessons learned from ongoing clinical gene therapy trials.   
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Aim of this thesis 
 
The aim of this thesis is the development of regulated and liver directed lentiviral 
vectors. 
 
Although lentiviral vectors can efficiently transduce primary hepatocytes efficiently in 
vitro, systemic administration results in poor gene transfer to hepatocytes in vivo.  
The liver non-parenchymal cells, particularly Kupffer cells and LSEC, are the 
predominant cell typed transduced within the liver.  The LSEC, which line the 
capillary beds of the liver form a non-contiguous barrier with openings called 
fenestrae which allow for exchange of materials between blood and hepatocytes.  
The diameter of the fenestrae, which is similar to that of LV particles may prevent the 
majority of injected virus from reaching the hepatocytes.  One of the primary 
functions of Kupffer cells is to act as scavengers removing foreign particles, including 
viruses, from the circulation.  In chapter 2 we explored if LSEC and Kupffer cells play 
a role in preventing efficient gene transfer to hepatocytes.  While disruption of the 
LSECs did not lead to an increase in hepatocyte gene transfer, depletion of Kupffer 
cells prior to LV injection resulted in a significant increase in gene transfer to 
hepatocytes. 
 
LVs are commonly pseudotyped with the VSVg envelope protein resulting in stable 
high titer vectors with a broad tropism.  Systemic administration of VSVg LV results in 
preferential gene transfer to liver non-parenchymal cells and efficient gene transfer to 
professional APC.  Expression of a therapeutic gene in APC can activate a cytotoxic 
T lymphocyte (CTL) response leading to elimination of cells expressing the 
therapeutic gene.  Therefore selection of a viral envelope protein with restricted 
tropism to hepatocytes would be beneficial in preventing gene transfer to non-
parenchymal liver cells and APC and may allow for administration of lower doses of 
virus to obtain a therapeutic effect.  Viral envelope proteins with a known hepatocyte 
tropism such as; Hepatitis B Virus PreS1 and the Sendai virus fusion (SV-F) protein 
would be obvious candidates.  Unfortunately, these envelope proteins are either not 
efficiently incorporated into lentiviral particles or are too unstable(42;74).  To improve 
incorporation and stability we used the GP64 viral envelope protein as a platform to 
express the extracellular domain of the SV-F (chapter 3) and a 27 amino acid peptide 
from HBV PreS1 (chapter 4).  A chimeric envelope protein was created containing 
the F2 domain of the SV-F protein fused to the amino terminus of GP64.  Sendai-
GP64 pseudotyped lentiviral vectors displayed specific gene transfer to a hepatocyte 
derived cell line in vitro (chapter 3).  Injection of GP64/Sendai-GP64 pseudotyped 
lentiviral vectors into mice lead to a significant reduction in gene transfer to Kupffer 
cells, with no improvement in hepatocyte gene transfer (chapter 3).  In vitro testing of 
PreS1-GP64 pseudotyped lentiviral vectors showed preferential gene transfer to liver 
derived cell (chapter 4).   
 
Gene expression is often a dynamic process.  Under ideal conditions, the 
endogenous promoter of the therapeutic gene would be used to drive its expression.  
Use of such promoters would ensure physiologically regulated expression of the 
therapeutic gene.  Often these promoters are too bulky to be included in a gene 
transfer vector.  Instead, most gene transfer vectors use strong ubiquitous promoters 
to drive expression of the therapeutic gene.  Non-physiological and unregulated 
expression of the therapeutic gene may have deleterious effects.  Since lentiviral 
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vectors are capable of providing life-long expression, it is important for safety and 
efficacy reasons to be able to regulate the expression of the therapeutic gene.   The 
well described tetracycline (doxycycline) inducible regulatory system was engineered 
into a single lentiviral vector and in (chapter 5) we evaluated the regulatory function 
of this system where the rtTA protein was placed either under constitutive or 
autoregulatory expression.   The autoregulatory rtTA LV displayed very low basal 
expression of the rtTA protein in the absence of doxycycline and resulted in higher 
levels of induced marker gene expression as compared to a constitutively expressed 
rtTA LV following doxycycline treatment (chapter 5).   
 
Previous studies using rtTA in other vector systems in vivo have shown that the rtTA 
protein itself is a potent immunogen leading to elimination of transduced cells and 
doxycycline induced gene expression.  The danger model of immunity proposed by 
Matzinger(75;76) states that danger signals from injured or distressed cells are 
required during antigen presentation to lead to a productive immune response.  
Absence of danger signals during antigen presentation will lead to either elimination 
or anergization of T cells and induce a temporary state of tolerance.  In (chapter 6) 
we investigated whether the low basal expression of rtTA in our autoregulatory LV 
would be sufficient to prevent antigen presentation during the danger period following 
vector administration and induce tolerance to the rtTA protein.   
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Lentiviral vectors can stably transduce dividing and nondividing cells in vivo and are best suited to
long-term correction of inherited liver diseases. Intraportal administration of lentiviral vectors
expressing green fluorescent protein (Lenti-GFP) in mice resulted in a higher transduction of
nonparenchymal cells than hepatocytes (7.32 F 3.66% vs 0.22 F 0.08%, respectively). Therefore,
various treatments were explored to increase lentiviral transduction of hepatocytes. Lenti-GFP was
injected into the common bile duct, which led to transduction of biliary epithelium and
hepatocytes at low efficiency. Transient removal of the sinusoidal endothelial cell layer by
cyclophosphamide to increase accessibility to hepatocytes did not improve hepatocyte trans-
duction (0.42 F 0.36%). Inhibition of Kupffer cell function by gadolinium chloride led to a
significant decrease in GFP-positive nonparenchymal cells (2.15 F 3.14%) and a sevenfold increase
in GFP-positive hepatocytes compared to nonpretreated mice (1.48 F 2.01%). These findings
suggest that sinusoidal endothelial cells do not significantly limit lentiviral transduction of
hepatocytes, while Kupffer cells sequester lentiviral particles thereby preventing hepatocyte
transduction. Therefore, the use of agents that inhibit Kupffer cell function may be important for
lentiviral vector treatment of liver disease.
Key Words: lentiviral vectors, gene transfer, GFP, liver, hepatocytes, Kupffer cells,
sinusoidal endothelial cells
INTRODUCTION

Lentiviral vectors are able to deliver genes into a wide
variety of both dividing and nondividing cell types in
vivo, such as muscle, retina, neurons, pancreatic, and
liver cells [1–5]. This property makes them an attractive
tool for in vivo treatment of genetic liver disorders.
Unfortunately, when lentiviral vectors are injected into
the circulation, the majority of cells that are transduced
in the liver are of nonparenchymal origin, notably
endothelial cells and Kupffer cells [6–9]. Since many
inherited liver diseases have an impaired hepatocyte
function, improved lentiviral particle delivery to
hepatocytes is a requirement.

Recently it has been shown that, in vitro, primary
hepatocytes are efficiently transduced by lentiviral
vectors [10–12]. However, in vivo transduction is much
less efficient. We therefore investigated if there is a barrier
that prevents efficient hepatocyte transduction in vivo.
Several factors may cause preferential transduction of
nonparenchymal cells.

The sinusoidal endothelium forms a barrier between
the blood and the hepatocytes and may hamper passage
of viral particles to the hepatocytes. Cyclophosphamide
is an alkylating agent that has been used in cancer
therapy [13] and also inhibits tumor growth by damag-
ing the tumor vasculature [14]. Endothelial cells are
relatively susceptible to cyclophosphamide-induced tox-
icity [15] and the drug has been shown to disrupt the
endothelial cell layer in the sinusoids of the liver
[16,17].

The liver is able to clear viruses such as vesicular
stomatitis virus [18], simian immunodeficiency virus
[19], and adenoviruses [20] efficiently from the blood-
stream. In the liver, specialized macrophages called
Kupffer cells are located inside the sinusoids and play
MOLECULAR THERAPY Vol. 11, No. 1, January 2005
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an important role in the clearance of these viruses.
Vesicular stomatitis virus G-protein (VSV-G)-pseudo-
typed lentiviral vectors may also be efficiently cleared
from the circulation by Kupffer cells. It has been shown
that agents such as gadolinium chloride (GdCl3) can
block phagocytosis and eliminate macrophages transi-
ently [21] and can increase adenoviral transduction [22].
Selective depletion of these cells led to a higher and
prolonged transgene expression after transduction with
adenoviral vectors [23].

In addition to the ability of Kupffer cells to scavenge
viral particles, Kupffer cells are also transduced them-
selves by VSV-G-pseudotyped lentiviral vectors [7,9].

The most common routes of administration to target
lentiviral vectors to the liver are the portal vein and tail
vein [9,24–27]. Adenoviral vector administration has
been performed via the common bile duct in rats and
resulted in efficient transgene expression in hepatocytes,
but not in biliary epithelial cells [28]. In addition, it may
be possible to administer lentiviral vectors via the
common bile duct to avoid many of the above-men-
tioned barriers in sinusoids and to target viral particles
exclusively to the liver. A drawback of this approach is
the potential toxic effect of bile on the lipid-enveloped
lentiviral particles.

The objective of this study was to improve lentiviral
transduction of hepatocytes by exploring an alternate
route of administration, by disruption of the sinusoidal
endothelial cell layer, and by depletion of Kupffer cells.
We show that by intraportal vein delivery of lentiviral
vectors the majority of transduced liver cells are of
nonparenchymal origin. Administration of lentiviral
vectors via the common bile duct led to exclusive
transduction of bile duct epithelium and some hepato-
cytes, but at low efficiency. Mild disruption of liver
sinusoidal endothelial cells did not lead to an increase
in hepatocyte transduction, while Kupffer cell depletion
led to a significant increase in the transduction effi-
ciency of hepatocytes.

RESULTS

Lentiviral Transduction of the Liver by Bile Duct
Administration
We infused animals with 0.5 � 108 HeLa transducing
units (HTU) into the bile duct, which led to GFP-positive
epithelium throughout the biliary tract (Fig. 1A). The
total number of GFP-positive cells in these livers (Fig. 1B)
was much lower than in the animals injected intra-
portally. Only a small part of the GFP-positive cells were
hepatocytes, most of them were localized in the peri-
portal areas (Fig. 1B). No endothelial cells or Kupffer cells
were transduced. No splenocytes were GFP positive (data
not shown).

We found that incubation of bile with lentivirus
resulted in decreased transduction of HeLa cells (data
MOLECULAR THERAPY Vol. 11, No. 1, January 2005
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not shown). The relatively poor transduction of liver cells
in vivo may be caused by inactivation of the lipid-
enveloped lentiviral particles by the strong detergent
action of bile, although we chose conditions to minimize
the toxicity of bile, such as depletion of bile for 1 h and
dissolving the lentiviral preparations in a relatively large
volume (300 Al) to dilute residual bile in the biliary tract.

Lentiviral Transduction of Liver by Portal Vein
Injection
In mice intraportally injected with 0.5 � 108 HTU,
we observed transduction of hepatocytes and non-
parenchymal cells (Fig. 2A). The total number of
hepatocytes transduced in the liver was 3.16 F
1.11/mm2 (n = 7) 1 week after injection (Table 1).
This represents about 0.22 F 0.08% of the total
hepatocyte population. The number of GFP-positive
nonparenchymal cells was more than 20 times higher
(70.27 F 35.11/mm2, n = 7), which is comparable
with other studies [6]. GFP-positive splenocytes were
observed (data not shown).

Liver Sinusoidal Endothelial Cell Disruption
Animals treated with cyclophosphamide were analyzed
for damage of sinusoidal endothelial cells with electron
microscopy. Fig. 3 shows the variable degree of
endothelial cell disruption in a cyclophosphamide-
treated animal compared to a control animal. The
endothelial lining is not intact at some places, whereas
at other places the space of Disse (the area between the
endothelial cells and hepatocytes) is dramatically
enlarged. Other than the endothelial cell disruption,
the morphology of the liver was normal.

Effect of Cyclophosphamide on Lentiviral
Transduction in Vitro
Transduction of Hepa 1-6 mouse hepatoma cells was
not affected by cyclophosphamide in vitro (data not
shown). Cells incubated with cyclophosphamide for 24
h and subsequently incubated with lentivirus were
transduced as efficiently as untreated cells. Therefore,
cyclophosphamide did not seem to have a direct
deleterious effect on lentiviral transduction.

Lentiviral Transduction of Liver by Portal Vein
Injection after Cyclophosphamide Treatment
Upon treatment of mice with cyclophosphamide, the
number of transduced hepatocytes and nonparenchymal
cells did not change significantly (6.09 F 5.19 and 95.12 F
71.76/mm2, respectively) compared to nonpretreated
animals (Table 1). Additionally, there was no significant
difference in the percentage of GFP-positive hepatocytes
of the total number of GFP-positive cells in cyclophos-
phamide-treated animals (5.19 F 2.73%) compared to
nonpretreated animals (5.27 F 2.78%, Table 1). GFP-
positive splenocytes were observed (data not shown).
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TABLE 1: GFP-positive cells in liver sections

No pretreatment (n = 7) Cyclophosphamide (n = 5) GdCl3 (n = 7)

GFP-positive hepatocytesa 3.16 F 1.11 6.09 F 5.18 21.43 F 28.85*

GFP-positive nonparenchymal cellsa 70.27 F 35.11 95.12 F 71.76 20.65 F 30.13*

Percentage GFP-positive hepatocytesb 5.27 F 2.78% 5.19 F 2.73% 51.01 F 16.12%**

GFP-positive cells were counted in liver sections of animals injected intraportally with Lenti-GFP. Mean values are presented F SD.
a GFP-positive cells per mm2.
b Percentage of GFP-positive hepatocytes of total number of GFP-positive cells in the liver.

* Significant difference compared to nonpretreated group: P b 0.05.

** Significant difference compared to nonpretreated group: P V 0.001.
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Lentiviral Transduction of Liver by Portal Vein
Injection after Kupffer Cell Blockage of Phagocytosis
It has been shown that the majority of lentivirally
transduced cells in the liver may be Kupffer cells [7]. We
also found that most of the GFP-positive nonparenchy-
mal cells were positive for the Kupffer cell marker F4/
80 (Fig. 4). Therefore we ablated Kupffer cells before
lentiviral injection to determine the effect of this
treatment on hepatocyte transduction. We performed
transient ablation of Kupffer cells by two injections of
GdCl3 (10 mg/kg) at 30 and 6 h before transduction
[21].

We assessed depletion of Kupffer cells by injection of
India ink in a parallel group of mice that was treated
identically. In control animals there was a clear accu-
mulation of black pigment in the Kupffer cells localized
in the sinusoids, while this was largely absent in GdCl3-
treated mice (Fig. 5).

Analysis of liver sections revealed that Kupffer cell
depletion increased the number of GFP-positive hepa-
tocytes approximately seven times (21.43 F 28.85/mm2,
n = 7, P b 0.05) compared to animals with no
pretreatment (3.16 F 1.11/mm2). Kupffer cell depletion
reduced the number of nonparenchymal cell trans-
duction by about 70% to 20.65 F 30.13/mm2 (n = 7,
P b 0.05). The percentage of GFP-positive hepatocytes
of the total number GFP-positive cells significantly
increased from 5.27 F 2.78% in nonpretreated animals
to 51.01 F 16.12% in GdCl3-treated mice ( P V 0.001,
Table 1). We also observed GFP-positive splenocytes
(data not shown).

Quantitative PCR of Lentiviral Integrations
We analyzed the total number of viral integrations in
animals injected with lentivirus by quantitative PCR on
FIG. 1. GFP expression in the liver after bile duct infusion of lentiviral vectors. Flu

lentiviral vectors in the common bile duct. A small number of cells were transdu

(white arrowheads). (A) Bile duct. (B) Liver. Both at 20� original magnification.

FIG. 2. GFP expression in the liver after portal vein injection of lentiviral vectors.

0.5 � 108 HTU lentiviral vectors. Hepatocytes (white arrows) and nonparenchy

stained with DAPI. (A) No pretreatment. (B) Cyclophosphamide treatment. (

magnification. (E, F) No pretreatment, 40� original magnification.
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genomic DNA isolated from the anterior right lobe of
the liver (Table 2). The genomic integration percentage
in nonpretreated animals was 10.54 F 5.34% and there
was no significant difference from cyclophosphamide-
treated mice (6.22 F 3.71%). The number of genomic
integrations significantly decreased after GdCl3 treat-
ment (2.40 F 1.80%, P = 0.003, Table 2). These data
confirm our microscopic findings.

Alanine Aminotransferase Activity after Lentiviral
Injections
Intraportal injection of lentivirus caused modest and
transient increase in serum alanine aminotransferase
(ALT) levels (Table 3) in nonpretreated, cyclophospha-
mide-treated, and GdCl3-treated animals. However, the
rise in ALT was not significant in GdCl3-treated
animals. At day 7 ALT levels returned almost back to
normal.

DISCUSSION

The main aim of liver-directed gene therapy is to transduce
sufficient numbers of hepatocytes, because in nearly all
disorders this is the cell type that needs to be corrected.
Thus far, in most studies that made use of lentiviral
vectors, the route of administration was either the portal
vein or the tail vein [9,24–26]. In the present study we
wished to optimize hepatocyte transduction. For this
purpose we used the third-generation lentiviral vector
that we have previously described [10]. Given the fact that
the percentage of hepatocytes transduced by this and
other lentiviral vectors is low, we tested various treatments
to increase targeting to the hepatocyte. We chose to use a
dose of 0.5 � 108 HTU to demonstrate the mechanism
without saturation of the reticuloendothelial system.
orescence microscopy of tissue sections of mice injected with 0.5 � 108 HTU

ced, consisting of bile duct epithelium (yellow arrowheads) and hepatocytes

Fluorescence microscopy of liver sections 1 week after intraportal injection of

mal cells (yellow arrows) in the liver of mice were GFP positive. Nuclei were

C) GdCl3 treatment. (D) Negative control (no lentivirus). All 10� original
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FIG. 3. Electron microscopy of livers of cyclophospha-

mide-injected animals. (A, C) Control animals. Normal

liver morphology: hepatocytes and the fenestrated

lining of the sinusoidal endothelial cells are intact.

Arrows point to the space of Disse and microvilli of

hepatocytes. (B, D) Animals treated with cyclophos-

phamide show variable degrees of disruption of the

endothelial lining. Endothelial cells are detached from

the hepatocytes, leading to a widening of the space of

Disse. Bar denotes 1 Am.
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To reduce Kupffer cell and endothelial cell trans-
duction, we injected virus into the common bile duct,
which led to transduction of hepatocytes and also of
biliary epithelium. However, overall transduction effi-
ciency by retrograde infusion of lentiviral vector into the
biliary tract was low.

Inactivation of lentiviral vectors by bile (data not
shown) might play a role in the low transduction
efficiency. It could also indicate that the virus did not
reach the bile canuliculi, because the majority of GFP-
positive hepatocytes were located in portal tracts.

Hence, retrograde perfusion may reduce transduction
of Kupffer cells and sinusoidal endothelial cells. In
addition, extrahepatic transduction was reduced as
well, which was determined by the disappearance of
splenocyte transduction compared to animals injected
into the portal vein (data not shown), but the efficiency
of hepatocyte transduction is too low for therapeutic
use.

Viral particles have to travel through the fenestrae
of the liver sinusoidal endothelial cells to arrive in the
space of Disse, before the particles can enter the
hepatocytes. The size of the endothelial fenestrae is
variable between 100 and 200 nm [29–32], which may
form a physical barrier for HIV-derived lentiviral
33
particles to pass through, because the size of HIV-1
particles has been estimated to be between 120 and
200 nm [33].

Disruption of sinusoidal endothelial cells by cyclo-
phosphamide has been shown to improve grafting of
transplanted liver cells [16]. We reasoned that it might
similarly improve lentiviral transduction of hepatocytes.
However, the effect of disruption of the sinusoidal
endothelial lining on hepatocyte transduction was
limited. The number of GFP-positive hepatocytes
increased, but this was not significant (Table 1) and
represented less than 0.5% of the total hepatocyte
population. The total number of genomic integrations
determined by quantitative PCR only decreased by
approximately 30% compared to nonpretreated ani-
mals, which confirmed the cell counting (Tables 1
and 2). Our results therefore indicate that the endothe-
lial layer is not a major obstacle to lentiviral hepatocyte
transduction.

Kupffer cells are involved in the phagocytosis of
foreign particles, such as viruses. GdCl3 has been used
in many studies to block Kupffer cell-mediated phagocy-
tosis and deplete these cells transiently [20–22].

Kupffer cells may not only scavenge viruses, but are
also highly prone to viral infection [7,9]. Indeed, we
MOLECULAR THERAPY Vol. 11, No. 1, January 2005

Copyright C The American Society of Gene Therapy



FIG. 4. Kupffer cells and viral transduction

after portal vein injection of lentiviral vec-

tors. Demonstration of GFP-positive Kupffer

cells by colabeling with the Kupffer cell

marker F4/80. Left (A, D, G): GFP expres-

sion. Middle (B, E): KC marker expression.

(H) Negative control F4/80 staining, secon-

dary antibody only. Right (C, F, I): merge.

All 40� original magnification. The majority

of GFP-positive cells costained for the KC

marker. GFP-positive Kupffer cells (yellow

arrowheads). GFP-negative/KC marker-

positive cells (red arrowheads).
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observed that the majority of GFP-positive nonparenchy-
mal cells were positive for the Kupffer cell marker F4/80.

Injection of GdCl3 led to inactivation of the func-
tion of Kupffer cells as shown by histochemical analysis
(Fig. 5). Inactivation of Kupffer cells by GdCl3 signifi-
cantly decreased the transduction percentage of non-
parenchymal cells from 7.32 F 3.66% in nonpretreated
mice to 2.15 F 3.14%, indicating that the majority of
nonparenchymal cell transduction was due to Kupffer
cell transduction. Simultaneously, the number of trans-
MOLECULAR THERAPY Vol. 11, No. 1, January 2005
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duced hepatocytes increased significantly by a factor of
7, which represents approximately 1.48 F 2.01% of the
total hepatocyte population.

The most straightforward interpretation of these
results is that the Kupffer cells scavenge most viral
particles before they reach the hepatocytes. Elimination
of this scavenger function dramatically increases
hepatocyte transduction.

Kupffer cell depletion led to 80% decrease in the
number of viral integrations as assessed by quantitative
FIG. 5. Kupffer cell depletion by GdCl3 treatment in

mice. Histochemistry of ink-injected control and

GdCl3-treated mice. In animals treated with GdCl3
the number of Kupffer cells is lower compared to

animals without GdCl3. Kupffer cells (white arrow-

heads). (A) Nonpretreated animal injected with ink.

(B) Animal treated with GdCl3 and ink. Both 40�
original magnification.
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TABLE 2: Quantitative PCR of genomic DNA

No pretreatment (n = 8) Cyclophosphamide (n = 5) GdCl3 (n = 6)

Proviral integrations 10.54 F 5.34 6.22 F 3.71 2.40 F 1.80*

Number of proviral integrations per 100 genomes in the liver determined by quantitative PCR of genomic DNA.

* Significant difference compared to nonpretreated group: P = 0.003.
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PCR (Table 2). However, the same treatment reduced the
total number of GFP-positive cells by only 40%. Hence,
in nonpretreated livers there were more viral integra-
tions than in the Kupffer cell-depleted state. This
observation is again in line with the scavenging func-
tion of the Kupffer cells. If Kupffer cells function to filter
viral particles from blood, they are expected to take up
more viral particles per cell and multiple integrations
probably occur in these cells. Depletion of the Kupffer
cells allows the viral particles to spread over the more
numerous hepatocytes.

Kupffer cells are involved in the activation of the
innate immune response against adenoviruses, which
can lead to early phase hepatotoxicity [22]. The
lentiviral vector administrations in our experiments
induced mild but significant elevations of ALT in
nonpretreated animals and cyclophosphamide-treated
animals (Table 3). Our observation that lentivirus
administration to Kupffer cell-depleted mice was rela-
tively less toxic than in nonpretreated mice is in line
with the reduced liver toxicity after adenovirus admin-
istration with GdCl3 treatment [22].

Our results confirm earlier observations that in vivo
administration of VSV-G-pseudotyped lentivirus can
cause a modest but transient hepatotoxicity, with high
variability between animals [34], which was also observed
in all our treatment groups.

A drawback of the use of lentiviral vectors may be
that these vectors could integrate in active cellular genes
[35] and activate potential oncogenes. Because the
proliferative activity of hepatocytes is approximately
about 0.005 to 0.05% in vivo [36], the likelihood of
tumorigenesis by a single integration is probably very
low.

In conclusion, we have shown that Kupffer cells play
an important role in limiting lentiviral hepatocyte
transduction by sequestration of viral particles. To treat
TABLE 3: Analysis of liver toxicity by

Normal level

No pretreatment 41.00 F 1.73

Cyclophosphamide 41.75 F 7.04

GdCl3 39.71 F 8.52

ALT levels (U/L) in mice intraportally injected with lentivirus with and without cyclophosphamid

and GdCl3-treated animals at day 1 after viral injections. The ALT levels were lower at day 7 c

* Significant difference compared to normal levels: P b 0.05.
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inherited liver diseases in the future, the inclusion of
agents that block Kupffer cell activity or even eliminate
these cells from the liver prior to gene transfer should be
considered.
MATERIALS AND METHODS

Lentiviral vector production. The lentiviral vector prrlcpptpgkgfppressin

containing the hepatitis B virus posttranslational regulatory element,

central polypurine tract, and phosphoglycerate kinase promoter driving

GFP expression was used as described earlier [10].

Lentiviruses were produced as described by transient transfection of

293T cells using a calcium phosphate method, concentrated by ultra-

centrifugation, and titrated on HeLa cells [5,37]. Cell lines were grown in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%

fetal bovine serum, 0.5 units/ml penicillin, 0.5 mg/ml streptomycin, and

2 mM l-glutamine.

Lentiviral inactivation by bile. Lentiviral particles were incubated with

bile for 30 min at 378C, followed by transduction of HeLa cells in 2 ml

DMEM containing 10 Ag/Al DEAE-dextran (Pharmacia). After 5 days, the

number of transduced cells was determined by flow cytometry.

Animals, viral injections, and processing of tissues. Wild-type male FVB

mice ages 8-12 weeks were used in all studies and fed ad libitum. All

animal experiments were performed in accordance with the Animal

Ethical Committee guidelines at the Academic Medical Center of

Amsterdam.

Mice were anesthetized with an intraperitoneal injection of FFM mix

(2.5 mg Fluanisone/0.105 mg Fentanyl citrate/1.25 mg Midozalam HCl/kg

in H2O, 7 ml/kg). Under deep anesthesia, the peritoneal cavity was

opened and the mice were injected intraportally with a volume of 250 Al

containing 0.5 � 108 HTU with a 30-gauge needle at day 0. The animals

were sutured and received the analgesic Temgesic (20–30 Al, 0.03 mg/ml)

subcutaneously following recovery from FFM.

After a period of 7 days, the mice were killed by in vivo fixation. Under

deep anesthesia, the peritoneal cavity was opened, a ligature was applied

around the anterior right lobe of the liver and tightened, and the lobe was

removed and snap frozen in liquid nitrogen and stored at �808C.

Subsequently, the animals were perfused intracardially with 20 ml of

phosphate-buffered saline (PBS) and 20 ml of 2% formaldehyde in PBS.

After perfusion, the liver and spleen were removed and the liver lobes were

fixed in a 4% formaldehyde solution in PBS for 4 h at room temperature.
measurement of plasma ALT levels

ALT
Day 1 Day 7

179.86 F 260.07* 68.00 F 70.47

188.25 F 229.75* 85.25 F 75.17

149.67 F 195.72 106.71 F 143.91

e or GdCl3 treatment. ALT levels were higher in nonpretreated, cyclophosphamide-treated

ompared to day 1. Mean values are presented with SD (n = 4–7).
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The tissues were transferred to a 30% sucrose solution at 48C overnight and

subsequently snap frozen in liquid nitrogen and stored at �808C.

Before cryosectioning, tissue was embedded in Tissue-Tek OCT

medium (Bayer). Sections (6 Am) were laid on poly-l-lysine-coated glass

slides and enclosed in mounting medium ((20 mg 1,4-diazabicy-

clo[2.2.2]octane (DABCO, Sigma), 0.1 M Tris/HCl, pH 8.0, in glycerol)/

ml) containing 4V,6-diamidino-2-phenylindole (DAPI; Sigma).

Determination of plasma alanine aminotransferase activity. Serum ALT

levels were taken as a measure of liver toxicity induced by various

treatments [38,39]. Blood was collected by orbital puncture 3 days before

lentiviral vector injection, 1 day after injection, and 30 min before the

animals were killed at day 7. ALT was measured in plasma by routine

clinical chemistry.

Mouse bile duct cannulation and lentiviral transduction. The animals

were anesthetized as described above. After opening the peritoneal cavity,

the common bile duct was clamped downstream of the gallbladder. Two

sutures were placed around the gallbladder and an incision was made in

the tip of the gallbladder. A catheter was placed in the common bile duct

and one ligature was closed to keep the catheter in place. For 1 h bile was

depleted and subsequently 300 Al of 0.5 � 108 HTU in PBS was injected in

the catheter, which was then closed for 1 h. after viral transduction, the

bile flow was restored by removal of the clamp. The catheter was removed

and the gallbladder ligature placed at the start of the operation was closed.

finally, the abdomen was closed. After 7 days, the animals were killed and

organs were harvested.

Cell count and statistics. GFP-positive cells were counted in sections of

the left lobe and median lobe with an inverse microscope (Leica DMRA2;

Leica). An independent person randomly numbered the sections and all

counting was performed in a blinded fashion. Per animal GFP-positive

hepatocytes were counted in five sections of nonoverlapping cell layers.

Images of the sections were captured and surface areas were measured by

using Leica FW4000 software to determine the number of hepatocytes per

square millimeter. The number of hepatocytes/mm2 was determined in 80

times enlarged fields. This enabled us to determine the percentage of GFP-

positive hepatocytes in the liver.

GFP-positive nonparenchymal cells were counted in a 20 times

magnification field and were adjusted to nonparenchymal cells per square

millimeter. The transduction percentage of nonparenchymal cells was

determined by the assumption that hepatocytes represent 60% of the cells

in the liver [40].

Statistical analyses were performed using SPSS10.0 software and

significant difference was considered if P b 0.05 determined by Mann-

Whitney U test.

Disruption of the sinusoidal endothelial cell layer. Disruption of sinus-

oidal endothelium was performed by injecting 200 mg/kg body weight

cyclophosphamide in H2O [16] (Endoxan, Baxter, Utrecht, The Nether-

lands) intraperitoneally 24 h before lentiviral vector injection.

Effect of cyclophosphamide on lentiviral transduction efficiency in vitro.

To determine the effect of cyclophosphamide on lentiviral transduction

efficiency Hepa 1–6 mouse hepatoma cells were transduced with

lentivirus in a volume of 2 ml medium for 4 h in the presence or absence

of cyclophosphamide. We assumed that 0.2 mg/g in vivo was equal to 0.2

mg/ml in vitro. Cells were incubated with serially diluted cyclophospha-

mide from 1 to 0 mg/ml. In addition, Hepa 1–6 mouse hepatoma cells

were also cultured with cyclophosphamide for 28 h, with subsequent

incubation of lentivirus for the last 4 h. Flow cytometry for gfp was

performed 5 days later to determine the transduction efficiency.

Kupffer cell blockage of phagocytosis. For Kupffer cell blockage of

phagocytosis and partial depletion from the liver, mice were injected

intravenously with 10 mg/kg gadolinium chloride (5.65 mg/ml gadolinium

chloride hexahydrate containing 4 mg/ml gadolinium chloride; Sigma) per

body weight at 30 and 6 h [21] prior to lentiviral vector injection.

To determine Kupffer cell phagocytotic activity and distribution of

Kupffer cells in the liver animals were injected intravenously via the tail
MOLECULAR THERAPY Vol. 11, No. 1, January 2005
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vein with india ink (0.08 ml per 100 g body weight; Pelikan, Germany)

[21]. Thirty minutes after injection, the animals were perfused with PBS

and 2% formaldehyde in PBS; then, the liver was removed and incubated

overnight in 4% formaldehyde in PBS and transferred to 70% ethanol.

Liver tissue was dehydrated with ethanol and embedded in Paraplast Plus

(Kendall). Sections (7 Am) were made and stained with hematoxylin and

azophloxine.

Immunostaining. In vivo formaldehyde-fixed, sucrose-incubated, and

subsequently snap-frozen material was used. Sections of 6 Am were made

and kept at �208C before use. Sections were washed in PBS for 15 min and

blocked in PBS/Tween 20 (0.05%) with 10% mouse serum for 1 h.

Subsequently, primary antibody was incubated for 1 h at room temper-

ature. For Kupffer cell staining, sections were incubated with rat anti-

mouse F4/80 antigen (1:10; Serotec). After primary incubation, sections

were washed in PBS/Tween 0.05% for 15 min, followed by incubation

with Texas red-conjugated goat anti-rat antibody (1:500; Rockland

Immunochemicals) for another hour at room temperature. Then the

sections were washed for another 15 min in PBS and embedded in

mounting medium containing DAPI.

Electron microscopy. To determine the effect of cyclophosphamide on

sinusoidal endothelial cells, liver tissue was prepared for electron micro-

scopy as previously described [41]. In short, after treatment with cyclo-

phosphamide as described above, the animal was perfused with PBS,

followed by 2% paraformaldehyde in PBS. Small liver pieces (b1 mm3)

were made and fixed in a mixture of 1% (wt/vol) glutaraldehyde and 4%

(wt/vol) formaldehyde in 100 mmol/L sodium cacodylate buffer (pH 7.4)

and stored at 48C for further use.

Genomic DNA isolation and quantitative PCR. Genomic DNA was

isolated using the DNeasy tissue kit (Qiagen) according to the manufactur-

er’s protocol. Quantitative PCR was performed in a Lightcycler apparatus

(Roche) using Lightcycler Faststart DNA Master SYBR Green I (Roche) with

2 mM MGCl2 according to the manufacturer’s protocol. The following

primer set was used to amplify a 274-bp product: HIV-U3 forward primer,

5V-CTGGAAGGGCTAATTCACTC-3V, and HIV PSI reverse primer, 5V-

GGTTTCCCTTTCGCTTTCAG-3V. The primers amplify the integrated

provirus only and not the transfer plasmid, thus reducing the risk of

contamination. For every reaction 50 ng of genomic DNA was used. Three

different PCRs were performed and averaged for every individual sample.

PCR conditions were 958C for 10 min and then 40 cycles as follows:

958C for 1 s, 628C for 7 s, 728C for 30 s, and 828C for 1 s. Negative control

sample was PCR amplification of animals not injected with lentivirus and

amplification of PCR reagents without template. To determine the

number of integrations per genome, Hepa 1–6 mouse hepatoma cells

(ATCC, CRL-1830) were transduced at a low multiplicity of infection

(14.8% GFP positive) to have approximately one integration per trans-

duced cell. These cells were sorted to obtain a 100% GFP-positive

population. DNA was extracted and diluted with negative DNA to make

a standard curve ranging from 100 to 1% genomic integrations.
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Abstract 
 
Background 
 
Gene therapy is a promising treatment for the correction of monogenic 
diseases.  Lentiviral vectors, derived from HIV-1, are well suited for the 
delivery of a therapeutic gene providing stable, long-term expression in both 
dividing and nondividing cells.   However, in rodents, systemic administration 
of lentiviral vectors results in poor gene transfer to hepatocytes, with 
nonparenchymal liver macrophages preferentially transduced.   Lentiviral 
vectors often are pseudotyped with envelope proteins capable of gene 
transfer to a broad range of cell types.  Restricted gene transfer to 
hepatocytes is essential for improving transduction efficiency and long-term 
transgene expression.    
 
Methods 
The GP64 protein from the baculovirus Autographa californica multiple 
nuclear polyhedrosisvirus has been successfully used for lentiviral vector 
pseudotyping.  We investigated the utility of GP64 fusion proteins for lentiviral 
vector targeting.  To target gene transfer to hepatocytes, the F2 domain of the 
hepatocyte specific Sendai Virus fusion protein (SV-F) was fused to the amino 
terminus of GP64 to make a Sendai-GP64 chimeric envelope protein.  
Lentiviral vectors were produced with either wild type GP64, Sendai-GP64, or 
both wild type GP64 and Sendai-GP64 and tested in vitro and in vivo for 
improved hepatocyte gene transfer.   
 
Results 
The Sendai-GP64 pseudotyped lentiviral vectors showed specific gene 
transfer to HepG2 hepatoma cells, with no detectable transduction of the 
HeLa cervical carcinoma cell line.  Production of lentiviral vectors with both 
wild type GP64 and Sendai-GP64 resulted in improved viral titers while 
retaining increased affinity for HepG2 cells as compared to wtGP64 alone.   
Sendai-GP64 lentiviral vectors also have a reduced affinity for mouse 
macrophage cell line and this was confirmed in vivo resulting in more specific 
transduction of hepatocytes. 
 
Conclusions 
We demonstrate that it is possible to redirect in vivo gene transfer of lentiviral 
vectors in mouse livers with a chimeric envelope protein.  The GP64 envelope 
protein may be a potential platform for the retargeting lentiviral vectors. 
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Introduction 
 
HIV-1 derived lentiviral vectors efficiently transfer genes for stable, long-term 
gene expression in non-dividing cells (1-3).   These properties make lentiviral 
vectors potentially useful gene transfer vehicles for the correction of inherited 
liver disorders.  Lentiviral vectors pseudotyped with the envelope glycoprotein 
from Vesicular Stomatitis Virus (VSVg) can efficiently transduce primary 
hepatocytes in vitro (4;5).  In contrast, in vivo lentiviral vector delivery in 
rodents results in poor gene transfer to hepatocytes.  The nonparenchymal 
liver cells comprise the major fraction of liver cells transduced (6-8).  We have 
previously shown that the main target of VSVg pseudotyped lentiviral vectors 
are liver macrophages, the Kupffer cells (9).  Depletion of Kupffer cells leads 
to a significant increase in the gene transfer to hepatocytes (9).   
 
The viral envelope protein is the primary determinant of cell tropism for 
lentiviral vectors.  VSVg, which is commonly used to pseudotype lentiviral 
vectors, is capable of transducing a broad range of cells both in vitro (10) and 
in vivo (10;11).  Interestingly, the envelope protein from the baculovirus 
Autographica californica multiple nuclear polyhedrosisvirus, GP64, is also able 
to efficiently pseudotype lentiviral vectors (12). GP64 pseudotyped lentiviral 
vectors exhibit comparable tropism and viral titers as that of VSVg, but with 
reduced cellular toxicity (12).   A further comparison of in vivo gene transfer of 
lentiviral vectors pseudotyped with either VSVg or GP64 showed comparable 
transduction profiles in murine livers (13).  Even though earlier reports showed 
that baculoviral vectors displayed a hepatocyte tropism(14;15), pseudotyping 
lentiviral vectors with GP64 does not appear to enhance hepatocyte gene 
transfer in vivo.   
 
The engineering of retroviral envelope proteins for retargeting represent a 
challenge as modifications to viral envelope proteins often results in a 
significant reduction in viral titers (16-18).  In baculovirus, amino terminal 
fusions to the GP64 envelope protein have been used for the surface display 
of GFP (19), functional single chain antibody fragments (20), Plasmodium 
berghei circumsporozoite protein (21), avidin (22), and gp120 from HIV (23).  
Recently, it was demonstrated that Decay Accelerating Factor (DAF) could be 
successfully fused to the amino terminus of GP64 and incorporated into 
lentiviral vectors leading to functional display of DAF (24).   We have shown 
that GP64 can be used for the surface display of a peptide from the HBV 
PreS1 protein resulting in pseudotyped lentiviral vectors with preferential gene 
transfer to liver derived cells (25).  In both baculovirus and lentiviral vectors 
expressing GP64 fusion proteins viral titers were reduced.  Viral titers were 
restored to normal levels by co-expression of the wtGP64 protein.   This 
suggests that the GP64 envelope protein may have potential as a platform for 
the targeting of lentiviral vectors.    
 
The Sendai Virus Fusion (SV-F) protein utilizes a hepatocyte specific receptor 
for viral entry (26).  Both murine retroviral (27) and lentiviral vectors (28) could 
be pseudotyped with the SV-F protein, resulting in hepatocyte specific gene 
transfer, but viral particles were unstable and viral titers were too low to 
proceed to in vivo studies.   We constructed a Sendai-GP64 fusion protein for 
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the pseudotyping of lentiviral vectors to test for improved hepatocyte directed 
gene transfer. 
 
Materials and Methods: 
Construction of hybrid GP64 envelope proteins 
The Sendai Virus Fusion cDNA was kindly provided by Dr. Allen Portner (St. 
Jude Children’s Research Hospital) in a mammalian expression vector(29).  
The GP64 cDNA was kindly provided by Marcel Westenberg, Wageningen 
University, and subsequently subcloned into the pCDNA 3.1p mammalian 
expression vector.  An amino terminal truncation of GP64 was made by PCR 
to remove the native signal peptide (amino acids 1-21) retaining the native 
GP64 sequence starting at amino acid 25 using the following primers:  ClaI 
GP64F 5’-GATCATCGATGAACGCGCAAATGAAGACGGGT-3’ and GP64R 
5’-TGCTGGATATCTGCAGAATT-3’.  The resulting PCR product was cloned 
into the pCR2.1 TOPO TA vector (Invitrogen), pCR2.1 AA25GP64 and verified 
by sequencing.  The Sendai-GP64 fusion construct was created by digestion 
of pCR2.1 AA25PG64 with ClaI and EcoRV to release a 1485 fragment 
containing the GP64 coding sequence.  This fragment was cloned into a ClaI 
SmaI digest of the pCAG SV-F vector to create an in-frame F2-GP64 fusion 
cDNA.  The resulting Sendai-GP64 fusion plasmid was verified by restriction 
digest and sequencing.   A multiple cloning site containing a ClaI and AgeI 
restriction site was introduced immediately after the native GP64 signal 
peptide with the following primers as previously described (23). 
MCSGP64for 
5’GGTACCATGGTAAGCGCTATTGTTTTATATGTGCTTTTGGCGGCGGCG
CA-3’ 
GP64midRev 5’-TAGATGCTGTTGTTGTAGC-3’. 
The resulting PCR product was ligated into the pCR2.1 TOPO vector and 
sequenced.  The GP64 coding sequence containing the MCS was released by 
a KpnI and SacII digest and subcloned into a KpnI and SacII digest of the 
pCDNA 3.1 GP64 to create pCDNA3.1 MCSGP64.   The Sendai Virus F2 
coding sequence was amplified with the following primers ClaISVF2f  5’-
ATCGATATGACAGCATATATCCAGAGATC-3’ 
ClaISVF2r 5’-ATCGATTCTCGACTGGGGAGCACCGGCAT-3’ 
The resulting product was verified by sequencing and cloned into the ClaI site 
of MCSGP64 to create pCDNA 3.1 SendaiMCSGP64.   
 
SDS-PAGE and Western blotting 
293T cell lysates and concentrated viral supernatants of GP64, Sendai-
GP64/GP64, MCSGP64, SendaiMCSGP64, and SendaiMCSGP64/GP64 
pseudotyped lentivital vectors were run on 10% SDS-PAGE and blotted onto 
nitrocellulose using the Bio-Rad Miniprotean III system.  An antibody directed 
against a C terminal epitope in the GP64 protein, AcV5 (eBioscience 14-
6995), was used at a 1:1000 dilution.  A 1:1000 dilution of Goat anti Mouse 
HRP (Bio-Rad 170-6516) was used as a secondary antibody on all blots.   
Detection of reactive bands on western blots was performed using the Lumi-
Light Western Blot Substrate (Roche 12 015 200 001) and blots were 
analyzed using a LumiImager F1 and LumiAnalyst 3.1 software (Roche). 
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Cell lines and culturing 
HEK293T, HeLa, and HepG2 cells were grown in standard DMEM media 
supplemented with 10% fetal calf serum (FCS), 2mM glutamine, 100 U/ml 
penicillin, and 100 µg/ml streptomycin at 37° C in 10% CO2.  RAW mouse 
macrophages were grown in standard RPMI media supplemented with 10% 
fetal calf serum (FCS), 2mM glutamine, 100 U/ml penicillin, and 100 µg/ml 
streptomycin at 37° C in 10% CO2 
 
Lentiviral vector production 
Lentiviral vectors with the phosphoglycerate kinase promoter driving eGFP 
expression were produced as described earlier (4).  Briefly, lentiviral vectors 
were produced by transient transfection of 293T HEK cells using calcium 
phosphate precipitation.  Sendai-GP64/GP64 pseudotyped lentiviral vectors 
were produced using 6.8 and 0.2 µg of plasmid per plate respectively.  
Sendai-MCSGP64 pseudotyped lentiviral vectors used 50 µg of envelope 
plasmid per plate and Sendai-MCSGP64/GP64 used 50 and 0.5 µg of 
envelope plasmid respectively.  Viral supernatants were concentrated by 
overnight centrifugation using a Hettich centrifuge (2230g).  Viral titers were 
determined by titration on both HeLa and HepG2 cells.  Briefly transductions 
were performed for four hours (HeLa and HepG2) and overnight (RAW) in the 
presence of DEAE Dextran (10 µg/ml) and 72 hours later cells were analyzed 
by flow cytometry for GFP expression.  Viral particles were measured using a 
commercial ELISA kit for the Gag p24 protein (Perkin Elmer NEK050).  
HepG2 titers for the concentrated lentiviral vectors ranged from 1.5 – 3.2 x 108 
transducing units/ml and p24 levels ranged from 26-180 µg/ml. 
 
Animals, viral injections, and tissue processing 
Wild-type FVB male mice ages 6-10 weeks were used in all studies and were 
fed ad libitum on standard laboratory chow.  All animal experiments were 
performed in accordance with the Animal Ethical Committee guidelines at the 
Academic Medical Center of Amsterdam. 
 
Mice were anesthetized with an intraperitoneal injection of FFM mix (2.5 
mg/ml Fluanisone/0.105 mg Fentanyl citrate/1.25 mg Midozalam HCl/kg in 
H2O, 7ml/kg).   Under deep anesthesia, the peritoneal cavity was opened and 
the mice were injected intraportally with the equivalent of 0.5 x 108 HepG2 
transducing units (250-500ul) on day 0.  The peritoneal cavity was sutured 
and the animals received the analgesic Temgesic (20-30 µl, 0.03 m mg/ml) 
subcutaneously following recovering from FFM. 
 
On day 7, the mice were killed by in vivo fixation.  Under deep anaesthesia, 
the peritoneal cavity was opened and a ligature was place around the anterior 
right lobe of the liver, tightened, and the lobe was excised and snap frozen in 
liquid nitrogen for genomic DNA analysis.  Subsequently, the animals were 
perfused intracardially with 20 ml of phosphate buffered saline (PBS), followed 
by 20 ml of 2% formaldehyde in PBS.   Following perfusion, the liver and 
spleen were removed and further fixed for 4 hours in 4% formaldehyde in PBS 
at room temperature.  The fixed tissues were then transferred to 30% sucrose 
solution and incubated overnight at 4º C, snap frozen in liquid nitrogen and 
stored at -80º C the following day. 
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Cryosections were made from both the left and medial lobes.  The tissue was 
embedded in Tissue-Tek OCT (Bayer) and sections (6µm) were applied to 
poly lysine coated glass slides and enclosed in Vectashield mounting media 
(Vector Laboratories).    
 
Immunostaining 
Liver sections were prepared as described above and frozen without mounting 
media.  Following thawing at room temperature sections were washed three 
times 5 minutes each in PBS and blocked with 10% Normal Goat Serum in 
PBS/0.05% Tween-20 for one hour.  Kupffer cells were stained with a rat anti 
mouse F4/80 antigen (1:20 Serotec) for one hour.  Slides were washed three 
times 5 minutes each in PBS/0.05% Tween-20 and incubated with a goat anti 
rat Texas Red conjugated antibody (1:500 Rockland Immunochemicals) for 
one hour.  Following three washing steps of 5 minutes each, sections were 
embedded in Vectashield mounting media containing DAPI.  Images were 
captured at (400x) magnification using a fluorescent microscope (Leica 
DMRA2).     
 
Cell counting and statistics 
GFP positive cells were counted in sections made from the left and median 
lobes using a fluorescent microscope (Leica DMRA2).  All sections/slides 
were prepared and coded independent of the counter.  Per animal, one 
section from the left lobe and median lobe were counted for GFP positive 
hepatocytes at (200x).  Three fields (200x) per section were counted for GFP 
positive nonparenchymal liver cells.  Images of the counted sections were 
captured and the surface area of sections was calculated using Leica FW4000 
software.   The number of total hepatocytes per mm2 was estimated by 
counting amount of hepatocytes present in one field at (400x).   Data are 
reported as number of GFP expressing cells per square millimeter. 
 
Statistical analysis was performed using SPSS 11.0 software using the Mann-
Whitney U test.  Values were determined to be significantly different with p < 
0.05.   
  
Genomic DNA isolation and PCR  
Genomic DNA was isolated from snap frozen liver and spleen tissue using 
Dneasy tissue kit (Qiagen) according to manufacturers instructions.  The 
following primer pairs were used to generate a 274 bp product: HIV-U3 
forward primer 5’-CTGGAAGGGCTAATTCACTC-3’ and HIV PSI reverse 
primer 5’-GGTTTCCCTTTCGCTTTCAG-3’.  This primer pair is designed to 
specifically amplify integrated provirus and thus reduce contamination from 
amplification of the transfer plasmid.  Additionally primers directed against 
GAPDH were used as a template loading control GAPDH forward primer 5’-
CAATCACCATCTTCCAGGAG-3’ and GAPDH reverse primer 5’-
TGCCCACAGCCTTGGCAGC-3’.  100ng of total DNA was used per PCR 
reaction using the following conditions: 95° C for 5 minutes, followed by 33 
cycles of 95° C for 30 seconds, 55° C for 30 seconds, and 72° C for 30 
seconds with a fill in at 72° C for 10 minutes.  Negative control samples were 
taken from animals that had not been injected with virus.   
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Results 
Contruction of the Sendai-GP64 chimeric envelope protein 
The Sendai Virus Fusion protein (SV-F) is expressed as an inactive precursor 
protein F0, which is cleaved by a cellular protease to a F1 and F2 chain 
(30;31) (Figure 1).  A fragment containing the F2 domain and fusion peptide 
was fused to the amino terminus of GP64 (Figure 1).  The resulting fusion 
gene of SV-F and GP64, Sendai-GP64, was verified by both restriction 
fragment analysis and sequencing.   
 

 
Figure 1  Linear map of the Sendai Virus Fusion (SV-F), wtGP64, Sendai-GP64, and 
Sendai-spGP64 glycoproteins with selected domains indicated:  SP: Signal Peptide, 
FP: Fusion peptide, TM: Transmembrane. 
 
 
To investigate expression levels and incorporation into virus particles, Sendai-
GP64 pseudotyped lentiviral vector particles were examined by western 
blotting.  The monoclonal antibody (AcV5) directed against GP64 gave the 
expected band for the wild type GP64 pseudotyped lentiviral vectors (Figure 2 
lane 1), but did not react with virus pseudotyped with Sendai-GP64 
recombinant protein (Figure 2 lane 2).  This was unexpected because Sendai-
GP64 pseudotyped lentiviral vectors are capable of transducing cells and 
Sendia-GP64 contains the full length GP64 cDNA.  However, the Sendai-
GP64 fusion protein does not contain the native GP64 signal peptide and this 
may lead to differential posttranslational modifications abrogating binding of 
the AcV5 GP64 antibody.   A new fusion protein was created where the 
Sendai Fusion F2 domain was inserted after the native signal peptide of 
GP64, Sendai-spGP64.   Analysis of Sendai-spGP64 pseudotyped lentiviral 
particles on western blot produced a band migrating at the predicted size for 
the fusion protein (Figure 2 lane 3).   Compared with wtGP64, expression 
levels of the Sendai-spGP64 protein were low even after increasing the 
amount of plasmid DNA used for transfection by 7 fold. 
 
Pseudotyping lentiviral vectors with Sendai-GP64 fusion proteins 
Lentiviral vectors expressing GFP from the PGK promoter were produced with 
wtGP64, Sendai-GP64, or Sendai-spGP64 viral envelope proteins. Viral titers 
were determined on both HeLa (a human cervical carcinoma cell) and HepG2 
(a liver hepatoma cell line) cells.  Lentiviral vectors pseudotyped with GP64 
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can efficiently transduce both HeLa and HepG2 cells, while both Sendai-GP64 
and Sendai-spGP64 pseudotyped lentiviral vectors were only able to 
transduce HepG2 cells.  Viral titers on HepG2 cells with Sendai-GP64 and 
Sendai-spGP64 vectors were approximately 2 orders of magnitude lower than 
those obtained with GP64 (Table 1).   

 
 
Figure 2  Western blot of the indicated pseudotyped concentrated lentiviral vectors for 
the detection of wtGP64 and chimeric GP64 proteins.  Lane 1 wtGP64, Lane 2 Sendai-
GP64, Lane 3 Sendai-spGP64.    
 
The titers of lentiviral vectors with either the Sendai-GP64 or Sendai-spGP64 
envelope alone were too low for in vivo use.  Therefore, to increase viral titers, 
lentiviral vectors were produced with wtGP64 and either Sendai-GP64 or 
Sendai-spGP64 envelope proteins.  The ratio of wtGP64 to Sendai-GP64 or 
Sendai-spGP64 plasmid used during virus production were optimised to yield 
lentiviral vectors that had relatively high titers on HepG2 cells and a reduced 
affinity for HeLa cells.  The resulting viral vectors were then titered on both 
HeLa and HepG2 cells (Table 1).  Both chimeric envelope vectors displayed a 
higher affinity for HepG2 cells as compared to wtGP64 (Table 1).   Western 
blotting of Sendai-GP64/GP64 and Sendai-spGP64/GP64 lentiviral vectors 
was performed and the signal from the wtGP64 protein was too strong to 
detect the Sendai-spGP64 protein (data not shown).   
 
We have previously shown that Kupffer cells (liver macrophages) are the 
predominant cell type transduced within the liver (9).  Therefore, it is important 
to determine the relative affinity of Sendai-GP64/GP64 and Sendai-
spGP64/GP64 lentiviral vectors for macrophages.   A mouse macrophage cell 
line, RAW, was used as model to assess the relative gene transfer efficiency 
of our chimeric lentiviral vectors as compared to wtGP64.  Wild type GP64 
and Sendai-spGP64/GP64 pseudotyped lentiviral vectors were capable of 
efficient gene transfer to this macrophage cell line, while Sendai-GP64/GP64 
chimeric lentiviral vectors had a ten fold lower titer (Table 2).   The higher 
affinity for a hepatoma cell line (Table 1) and reduced gene transfer to 
macrophages (Table 2) suggests that only Sendai-GP64/GP64 lentiviral 
vectors may have improved hepatocyte gene transfer in vivo. 
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Table 1.  Viral titers (transducing units per ml) of GP64 and GP64 variants used to 
pseudotyped lentiviral vectors on HeLa and HepG2 cell lines.  

Virus HeLa  HepG2  Specificity
GP64 4.2x105 ± 3.1x105 2.6x106 ± 1.6x106 6.1 

Sendai-GP64 UDa 2.7x104 ± 1.3x104 >> 270 
Sendai-GP64/GP64 1.8x104 ± 1.1x104 5.1x105 ± 2.7x105 28 

Sendai-spGP64 UDa 1.2x104 ± 0.4x104 >> 120 
Sendai-spGP64/GP64 2.2.104 ± 0.5x104 4.1x105 ± 1.2x105 18 

a Undetectable with detection limit of viral titers set to 1x103 TU/ml with flow cytometry.  
No GFP expressing cells were observed using a fluorescent microscope.  A detection 
limit of 1x102 TU/ml was used for specificity calculations.   Viral titers were determined 
using unconcentrated lentiviral vectors from at least two different virus preparations.  
Specificity was calculated as a ratio of the titer on HepG2 to HeLa cells. 
 
Table 2.  Viral titers (transducing units per ml) of GP64, Sendai-GP64/GP64 and Sendai-
spGP64/GP64 chimeric lentiviral vectors on HepG2 and Raw mouse macrophage cell 
lines 

Virus HepG2 Raw Specificity 
GP64 2.6x106 ± 1.6x106 4.0x105 ± 3.2x105 0.15 

Sendai-GP64/GP64  5.1x105 ± 2.7x105 0.3x105±0.2x105 0.06 
Sendai-spGP64/GP64  4.1x105 ± 1.2x105 2.3x105 ± 1.3 x105 0.56 
Chimeric enveloped lentiviral vectors were produced by co-transfecting wtGP64 with 
either Sendai-GP64 or Sendai-spGP64.  Viral titers were determined using 
unconcentrated lentiviral vectors from at least two different virus preparations.   
Specificity was calculated as a ratio of the titer on Raw to HepG2 cells. 
 
 
 
Significant reduction in gene transfer to nonparenchymal liver cells in 
vivo with Sendai-GP64/GP64 lentiviral vectors 
Male FVB mice 6 to 10 weeks old were injected intraportally with 0.5x108 

HepG2 transducing units of GP64 (n=5), Sendai-GP64/GP64 (n=7), or 
Sendai-spGP64/GP64 (n=4) pseudotyped lentiviral vectors.   One week 
following viral injections the mice were sacrificed and tissues were fixed in 
vivo.   Liver sections were prepared from the left and medial lobes and GFP 
expression was directly observed using a fluorescence microscope.   In the 
liver sections of mice injected with GP64 lentiviral vectors, the majority of 
transduced liver cells were nonparenchymal cells (Figure 3B), as previously 
described for wtGP64 (13).  Subsequent staining of these sections with the 
F4/80 antibody directed against a Kupffer cell (liver macrophages) marker 
confirmed that these cells are efficiently transduced (Figures 4A-C).  
Strikingly, in the liver sections from Sendai-GP64/GP64 lentiviral vector 
injected mice and to a lesser extent Sendai-spGP64/GP64 injected mice, the 
ratio of GFP expressing hepatocytes to nonparenchymal liver cells was much 
higher (Figures 3F and 3I).   
 
Counting of GFP positive cells in liver sections showed a significant reduction 
(p < 0.005) in the amount of transduced nonparenchymal liver cells in mice 
injected with Sendai-GP64/GP64 lentiviral vectors as compared to wtGP64 
(Table 3).    Sendai-spGP64/GP64 injected mice had approximately two fold 
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less gene transfer to hepatoctyes and liver nonparenchymal cells compared to 
wtGP64 treated mice (p < 0.05).  Making a ratio of GFP positive hepatocytes  

 
Figure 3  Expression of GFP in the liver following portal vein injection of either GP64, 
Sendai-GP64/GP64, or Sendai-spGP64/GP64 lentiviral vectors.  Representative 
sections from the livers of (A) control (B) GP64, (C)  Sendai-GP64/GP64, (D) Sendai-
spGP64/GP64  transduced mice at 100x magnification.  White arrows indicate 
hepatocytes and yellow arrows indicate nonparenchymal liver cells.    
 

 
Figure 4  Liver sections were stained (red) with an antibody directed against the F4/80 
Kupffer cell marker.  (A-C) Sections from a wtGP64 transduced mouse (A) GFP (B) 
Kupffer cells Texas Red (C) composite.  (D-F) Sections from a Sendai-GP64/GP64 
transduced mouse (D) GFP (E) Kupffer cells Texas Red (F) composite.  (G-I) Sections 
from a Sendai-spGP64/GP64 transduced mouse (G) GFP (H) Kupffer cells Texas Red (I) 
composite.  Images are at 400x magnification.  Yellow arrows indicate GFP positive 
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Kupffer cells, grey arrows indicate GFP negative Kuppfer cells, and white stars denote 
GFP positive hepatocytes, 
 
to non-parenchymal liver cells shows that Sendai-GP64/GP64 pseudotyped 
lentiviral vectors have a three fold increased affinity for hepatocyte gene 
transfer as compare to both GP64 and Sendai-spGP64/GP64 (Table 3).  To 
validate the counting data, PCR amplification specific for integrated lentiviral 
vectors was performed on genomic DNA isolated from the liver.  In the 
Sendai-GP64/GP64 and Sendai-spGP64/GP64 injected animals a weaker 
band is observed in liver genomic DNA, validating the results from the 
counting of GFP expressing cells in liver sections (Figure 5A lanes 3 and 4 
versus 5 and 6).   
 

 
Figure 5  PCR specific for integrated lentiviral vectors and GAPDH performed on 
genomic DNA isolated from liver.  Lanes 1 and 2 wtGP64, 3 and 4 Sendai-GP64/GP64, 5 
and 6 Sendai-spGP64/GP64, 7 control liver DNA, 8 H2O control. 
 
Table 3.  Counting of GFP positive cells in liver sections   

Lentiviral Vector Hepatocytes/mm2 NPC/mm2 Specificity
GP64 (n=5) 9.9 ± 2.7 79.3 ± 12.1 0.125 

Sendai-GP64/GP64 (n=7) 9.5 ± 4.7 24.6 ± 19.6 a 0.386 
Sendai-spGP64/GP64 (n=4) 5.6 ± 1.4b 47.5 ± 19.4b 0.118 

 
0.5x108 HepG2 transducing of each virus were administered by portal vein injection.  
Frozen sections were prepared from fixed liver, one section from the medial and one 
from the left lobe were counted per animal.  NPC (nonparenchymal liver cells),Sendai-
GP64/GP64 (LV produced with both Sendai-GP64 and GP64 envelope proteins), Sendai-
spGP64/GP64 (LV produced with both Sendai-spGP64 and GP64 envelope proteins).  
Specificity was calculated as the ratio of GFP positive hepatocytes/mm2 to GFP 
positive NPC/mm2 and indicates relative affinity for hepatocytes. 
a represents a significant difference (p < 0.005) between GP64 and Sendai-GP64/GP64 
transduced animals. b represents a significant difference (p < 0.05) between GP64 and 
Sendai-spGP64/GP64 transduced animals.   
 
 
Discussion 
We report the first use of an amino terminal fusion to GP64 for the targeting of 
lentiviral vectors in the liver.   The F2 domain of the Sendai virus fusion 
protein was fused to the amino terminus of GP64 and used to pseudotype 
lentiviral vectors.  Lentiviral vectors pseudotyped with the Sendai-GP64 fusion 
envelope were no longer able to transduce HeLa cells as compared to wild 
type GP64, but were able to transduce HepG2 cells, with approximately 100 
fold lower viral titers (Table 1).  Viral titers were increased by co-production of 
lentiviral vectors with both wild type GP64 and Sendai-GP64 (Table 2), in 
agreement with previous reports of GP64 fusion proteins both in baculoviral 
(23) and lentiviral vectors (24).  The presence of wild type GP64 may increase 
incorporation of Sendai-GP64 protein into viral particles through stabilization 
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or may restore fusion function that might be lost due to the addition of the SV-
F2 domain (32).   
 
Surprisingly, although Sendai-GP64 pseudotyped lentiviral vectors were 
capable of gene transfer, we were unable to detect expression of this chimeric 
fusion protein in viral particles.  Lentiviral vectors produced without a viral 
envelope protein lack the ability to bind and fuse to target cells and are not 
capable of gene transfer.  Only the Sendai-spGP64 protein was detectable on 
western blot in concentrated viral particles (Figure 2 lane 3) suggesting that 
the removal of the native GP64 signal peptide in Sendai-GP64 may effect 
protein processing and explain the loss of reactivity with the GP64 specific 
antibody AcV5.   
 
Sendai-spGP64 lentiviral vectors had similar titers as Sendai-GP64 lentiviral 
vectors on the cell lines tested (Table1).  The very low expression and 
incorporation of the Sendai-spGP64 protein into lentiviral particles may 
explain the low viral titers on HepG2 cells.  As with Sendai-GP64, co-
expression of wtGP64 and Sendai-spGP64 during virus production resulted in 
improved viral titers, but these chimeric lentiviral vectors displayed a lower 
affinity for HepG2 cells as compared to Sendai-GP64/GP64 (Table 1). 
 
Using the RAW mouse macrophage cell line as an in vitro model of Kupffer 
cells, we showed that while GP64 lentiviral vectors can efficiently transduce 
these cells, Sendai-GP64/GP64 lentiviral vectors have an extremely low 
transduction efficiency (Table 2).  When administered in vivo, Sendai-
GP64/GP64 lentiviral vectors resulted in a significant reduction in gene 
transfer to Kupffer cells (Table 3).  Interestingly, Sendai-spGP64/GP64 
pseudotyped lentiviral vectors transduced RAW mouse macrophages with a 
similar efficiency as GP64 alone (Table 2) and this correlated with increased 
gene transfer to Kupffer cells in vivo (Table 3).   The mechanism for the loss 
of gene transfer to macrophages is currently not understood and further 
studies are required.  Together our data suggests that RAW mouse 
macrophages make a good model for assessing the gene transfer to liver 
Kupffer cells in vivo. 
 
 
We evaluated three different pseudotyped lentiviral vectors (GP64, Sendai-
GP64/GP64, and Sendai-spGP64/GP64) for in vivo gene transfer to 
hepatocytes in murine livers.  Using GP64 pseudotyped lentiviral vectors as a 
reference, we observed a significant reduction in gene transfer to liver 
nonparenchymal cells with the Sendai-GP64/GP64 land Sendai-
spGP64/GP64 entiviral vectors (Table 3).   Mice receiving Sendai-
spGP64/GP64 lentiviral vectors had a two fold reduction in both hepatocyte 
and liver nonparenchymal cell gene transfer.   The Sendai-spGP64/GP64 
pseudotyped lentiviral vectors displayed a lower in vitro specificity for HepG2 
cells (Table 1) and this in part may explain the lower gene transfer efficiency 
observed.   
   
Hepatocyte specific gene transfer using GP64 pseudotyped Feline 
Immunodeficient Virus (FIV) derived lentiviral vectors has been described 
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(33).  This hepatocyte specific gene transfer was not observed in our GP64 
pseudotyped HIV derived lentiviral vectors (Figures 3B, 4C and Table 3) and 
in a previously published comparison of VSVg and GP64 pseudotyped HIV 
lentiviral vectors (13).  In both cases there is significant gene transfer to 
nonparenchymal liver cells.   Differences in lentiviral vector systems (feline 
versus human derived vectors), transgene marker, and delivery may in part 
explain these observed differences.  In our hands, decreased 
nonparenchymal liver cell gene transfer was only observed with chimeric 
lentiviral vectors produced with wtGP64 and either Sendai-GP64 or Sendai-
spGP64 (Figure 2C and Table 3).     
 
In this study we have shown that it is possible to redirect in vivo gene transfer 
through manipulations to the GP64 envelope protein.   Further improvements 
in GP64 fusion proteins allowing for higher levels of expression may 
eventually lead to hybrid envelope proteins with complete retargeting without 
the need to co-express wild type GP64 envelope protein.  
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Preferential Gene Transfer of Lentiviral Vectors 
to Liver-Derived Cells, Using a Hepatitis 

B Peptide Displayed on GP64

DAVID M. MARKUSIC, ALEXANDER KANITZ, RONALD P.J. OUDE-ELFERINK, and JURGEN SEPPEN

ABSTRACT

One of the problems that limit the efficiency of viral gene therapy is the lack of specificity of viral particle
binding. The development of techniques to target viral particles to specific cell types is therefore important.
Because GP64 can efficiently pseudotype lentiviral vectors, we investigated the possibility of using GP64 for
lentiviral vector particle targeting. A peptide derived from the hepatitis B virus (HBV) PreS1 protein, with
known affinity for an unidentified receptor expressed on hepatocytes, was inserted at amino acid position 278
of the GP64 protein (PreS1-GP64). The GP64 and PreS1-GP64 proteins were expressed and incorporated into
lentiviral particles at comparable levels. Flow cytometry measurements confirmed surface display of the PreS1
peptide. The highest titers of PreS1-GP64-pseudotyped lentiviral vectors were observed on liver-derived cell
lines. Gene transfer of PreS1-GP64 lentiviral vectors was inhibited by coincubation with an antibody directed
against the PreS1 peptide. These data suggest that the PreS1 peptide is involved in viral attachment to the
cell surface. The insertion of targeting peptides into the GP64 envelope protein represents a potential ap-
proach for the targeting of lentiviral vectors to specific cell types.
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INTRODUCTION

LENTIVIRAL VECTORS derived from human immunodeficiency
virus (HIV)-1 efficiently deliver genetic material to divid-

ing and nondividing cells with stable and long-term expression
(Trono, 2000; Ailles and Naldini, 2002; Galimi and Verma,
2002). Retroviruses are capable of incorporating viral envelope
proteins from other viruses into viral particles. This process is
called pseudotyping, and can be used to create viral vectors with
altered tropism and physical properties (Cronin et al., 2005).
The envelope protein from the vesicular stomatitis virus (VSVg)
is commonly used to pseudotype lentiviral vectors and confers
improved particle stability, high viral titers, and broad cell tro-
pism (Burns et al., 1993). One drawback of the broad cell tro-
pism of VSVg-pseudotyped lentiviral vectors is gene transfer
to multiple tissues and cell types after in vivo administration
(Pan et al., 2002). Gene transfer to immune-stimulatory cells,
such as professional antigen-presenting cells (APCs), often
leads to an immune response directed against the transgene

product, resulting in clearance of transduced cells and loss of
transgene expression. Therefore, strategies aimed at restricting
gene transfer to target cells may be helpful for improving gene
transfer efficiency and long-term expression.

The pseudotyping of lentiviral vectors with heterologous en-
velope proteins results in alteration of viral tropism but not usu-
ally a transduction profile that is restricted to a highly specific
target cell type (Verhoeyen and Cosset, 2004; Cronin et al.,
2005). In adenoviral vector systems the introduction of target-
ing peptides into the fiber knob has resulted in the successful
retargeting of adenoviral vectors both in vitro and in vivo
(Mizuguchi and Hayakawa, 2004; Glasgow et al., 2006). How-
ever, there has been little success in applying these techniques
to lentiviral vectors. A limitation in translating this targeting
strategy to lentiviral vectors is the lack of a candidate viral en-
velope protein that can be modified without significant reduc-
tion in expression levels and function.

The native envelope protein of Autographa californica mul-
ticapsid nuclear polyhedrosis virus (AcMNPV), GP64, has been
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used successfully for the surface display of peptides without a
significant reduction in expression levels and viral titers (Ernst
et al., 2000). Although AcMNPV is an insect virus, the GP64
envelope protein efficiently pseudotypes lentiviral vectors (Ku-
mar et al., 2003). A GP64 fusion protein display has already
been demonstrated to pseudotype lentiviral vectors. Lentiviral
vectors with decay-accelerating factor (DAF)–GP64 fusion pro-
teins are more resistant to complement-mediated inactivation
(Guibinga and Friedmann, 2005). Here we investigate the po-
tential of the GP64 protein as a targeting platform for lentivi-
ral vectors by surface display of a targeting peptide.

Hepatitis B virus (HBV) is a hepadnavirus that replicates ex-
clusively in human hepatocytes. The liver specificity of HBV
is believed to be mediated by both the viral promoters and a
liver-specific viral receptor (Seeger and Mason, 2000). The
large surface antigen of HBV (PreS1) has been shown to bind
to a receptor on hepatocytes, but the precise identity of this re-
ceptor has yet to be established (Neurath et al., 1986). A 27-
amino acid peptide, shown to bind the HBV receptor and de-
rived from the HBV PreS1 protein (Neurath et al., 1986), was
introduced at amino acid position 278 of the GP64 protein. Ex-
pression levels, incorporation into lentiviral vector particles, vi-
ral titers, and tropism of the resulting lentiviral vectors were
examined.

MATERIALS AND METHODS

Construction of PreS1-GP64

Primers were designed to encode a liver-targeting peptide of
the HBV PreS1 protein. PreS1 Forward and PreS1 Reverse
oligonucleotides were designed to anneal to each other, leav-
ing an overhang compatible for annealing to a NotI digest of
the pCDNA3.1 GP64 vector.

PreS1 Forward: 5�-GGC CAC TGG GAT TCT TTC CCG 
ACC ACC AGT TGG ATC CAG CCT TCA GAG CAA
ACA CAG CAA ATC CAG ATT GGG ACT TCA ATC
CCT-3�

PreS1 Reverse: 5�-GGC CAG GGA TTG AAG TCC CAA TCT
GGA TTT GCT CTG TTT GCT CTG AAG GCT GGA TCC
AAC TGG TGG TCG GGA AAG AAT CCC AGT-3�

Equivalent amounts of PreS1 Forward and PreS1 Reverse were
diluted in 1� saline–sodium citrate (SSC) buffer, heated to
100°C for 5 min, and allowed to cool at room temperature. The
pCDNA3.1 GP64 plasmid was digested with NotI, purified, and
ligated to the annealed PreS1 Forward and Reverse oligonu-
cleotides in the presence of NotI restriction enzyme. Recovered
clones were screened for correct orientation and intact reading
frame.

Cell lines and culture conditions

The following cell lines and primary cells were used in this
study: HepG2 and Huh7 (human hepatoma), CCLP-1 (human
cholangiocarcinoma), LX-2 (human stellate cell line), and non-
liver cell lines HeLa (human cervical carcinoma), MIA PaCa
(human pancreatic carcinoma), and HEK 293T (human embry-
onic kidney). All cell lines were cultured in standard Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin
(100 �g/ml), and 2 mM glutamine at 37°C in 10% CO2.

Human fetal liver cells (HFLCs) were obtained and isolated
as described previously (Deurholt et al., 2006) and all experi-
ments with HFLCs were approved by the medical ethics com-
mittee of our institute (AMC Liver Center, Amsterdam, The
Netherlands). HFLCs were cultured in William’s E medium
supplemented with 10% FBS, penicillin (100 U/ml), strepto-
mycin (100 �g/ml), 2 mM glutamine, 1� insulin-transferrin-
selenium-X (ITS-X) stock (Invitrogen, Carlsbad, CA), and am-
photericin B (Fungizone, 2.5 �g/ml; Invitrogen). The HFLCs
were not passaged more than once before use in transduction
experiments.

Lentiviral vector production

Lentiviral vectors were produced as previously described
(Seppen et al., 2002). Briefly, HEK 293T cells were transiently
transfected by calcium phosphate precipitation with a third-gen-
eration lentiviral vector system (Dull et al., 1998; Zufferey et
al., 1998) expressing the green fluorescent protein (GFP)
marker protein under the control of the ubiquitous phospho-
glycerate kinase (PGK) promoter. Twenty-four hours after
transfection, fresh medium was added, supplemented with 25
mM HEPES, pH 7.4. Virus-containing supernatant was col-
lected 48 hr after transfection, filtered through 0.45-�m (pore
size) filters (Millipore, Bedford, MA), and frozen at �80°C.
Lentiviral vectors (GP64 LV pgk GFP and PreS1-GP64 LV pgk
GFP) were concentrated by ultracentrifugation at 20,000 rpm
for 2 hr at 4°C, using an SW-28 rotor (Beckman Coulter, Fuller-
ton, CA).

Viral transduction and titer determination

All cell lines were transduced for 4 hr in the presence of
DEAE-dextran (10 �g/ml). Analysis of gene transfer was per-
formed by flow cytometric measurement (FACSCalibur; BD
Biosciences, San Jose, CA) of GFP expression a minimum of
72 hr after gene transfer. Viral p24 antigen was measured with
a commercial p24 enzyme-linked immunosorbent assay
(ELISA) kit (PerkinElmer Life and Analytical Sciences,
Waltham, MA).

Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis and Western blotting

Concentrated viral supernatants of GP64- and PreS1-GP64-
pseudotyped lentiviral vectors were run on sodium dodecyl sul-
fate–10% polyacrylamide gels and blotted onto nitrocellulose
with the Bio-Rad Mini-PROTEAN 3 system. The following pri-
mary antibodies were used: a 1:1000 dilution of affinity-puri-
fied anti-baculovirus envelope GP64 protein (clone AcV5;
eBioscience, San Diego, CA) directed against a C-terminal epi-
tope in the GP64 protein or a 1:1000 dilution of S1 tag anti-
body (AP2; Abcam, Cambridge, UK) directed against a pep-
tide of the HBV PreS1 protein in conjunction with a 1:1000
dilution of ND1 (Biodesign International/Meridian Life Sci-
ence, Saco, ME) directed against the HIV Gag p24 protein. A
1:1000 dilution of horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG (170-6516; Bio-Rad) was used as a sec-
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ondary antibody on all blots. Detection of reactive bands on
Western blots was performed with the Lumi-Light Western
blotting substrate (Roche Applied Science, Indianapolis, IN 12
015 200 001) and blots were analyzed with a Lumi-Imager F1
and LumiAnalyst 3.1 software (Roche Applied Science). Quan-
titation of the level of protein expression was performed with
the band density measurement software package in the Lumi-
Analyst 3.1 program.

Immunostaining

HEK 293T cells were transfected with 5 �g of either GP64
or PreS1-GP64 expression plasmid and 48 hr later cells were
washed three times in cold phosphate-buffered saline (PBS) and
harvested in cold PBS supplemented with 5 mM EDTA. Cells
were pelleted and resuspended in 100 �l of DMEM supple-
mented with10% FBS, penicillin (100 U/ml), streptomycin (100
�g/ml), and 2 mM glutamine with either a 1:100 dilution of
affinity-purified anti-baculovirus envelope gp64 protein (clone
AcV1; eBioscience), a 1:100 dilution of AP2 (Abcam), or a
1:100 dilution of mouse IgG2a (M5409; Sigma-Aldrich, St.
Louis, MO) for 1 hr on ice. Cells were washed three times in
PBS and incubated with a 1:200 dilution of Alexa Fluor 488-
conjugated goat anti-mouse IgG (Molecular Probes Invitrogen,
Eugene, OR) in DMEM for 1 hr on ice. After an additional
three washing steps, cells were resuspended in PBS with 2%
paraformaldehyde (PFA) and analyzed by flow cytometry.

RESULTS

Construction of PreS1-GP64 envelope variant

Complementary oligonucleotides encoding a peptide frag-
ment of the PreS1 protein with the amino acid sequence (PLG
FFP DHQ LDP AFR ANT ANP DWD FNP) were designed to
include overhangs for ligation into a unique NotI restriction site
located in the GP64-coding sequence. The resulting construct
was sequenced to verify correct orientation and to confirm that
the GP64 reading frame was unaltered. The new construct is
referred to as PreS1-GP64.

Expression of the PreS1-GP64 protein was verified by West-
ern blot of cell lysates prepared from PreS1-GP64-transfected
HEK 293T cells. Both GP64 and PreS1-GP64 proteins reacted
with an antibody directed against GP64 (AcV5) on a Western
blot, with PreS1-GP64 displaying an apparent higher molecu-
lar weight, as expected (data not shown).

Surface display of PreS1 peptide on 
PreS1-GP64 protein

To confirm that the PreS1 peptide is exposed on the surface of
PreS1-GP64-expressing cells, immunostaining and flow cyto-
metric analysis were performed on HEK 293T cells transfected
with either a GP64 or PreS1-GP64 expression plasmid. Staining
of wild-type GP64 (wtGP64)-transfected HEK 293T cells with an
antibody directed against GP64 (AcV1) resulted in a positive sig-
nal, whereas no signal was detected when using a PreS1 peptide
antibody (AP2) (Fig. 1B). Conversely, staining of PreS1-GP64-
transfected cells with the AcV1 antibody was negative, whereas
the AP2 antibody produced a signal confirming both expression
and surface display of the PreS1 peptide (Fig. 1C). The epitope
for the AcV1 antibody was mapped to amino acid positions
271–294 (Zhou and Blissard, 2006). Introduction of the PreS1 se-
quence into this region may interfere with binding of this con-
formationally sensitive antibody and may explain why no signal
is detected. Thus, we show that a 27-amino acid peptide can be
inserted into the GP64 protein without compromising protein ex-
pression and results in display of the peptide on the surface of
PreS1-GP64-expressing cells.

Expression and incorporation of PreS1-GP64 into
lentiviral vector particles

We next investigated whether the peptide insertion had an
effect on incorporation of the PreS1-GP64 protein into lentivi-
ral particles. Lentiviral vectors were pseudotyped with either
wtGP64 or PreS1-GP64 and concentrated, and p24 levels were
determined for SDS–PAGE and Western blotting. We analyzed
the band densities of GP64 and HIV p24 to determine the rel-
ative amounts of these proteins that were present in the viral
particles. The ratios of wtGP64 to p24 and of PreS1-GP64 to
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FIG. 1. Immunostaining was performed on (A) control HEK 293T cells, (B) GP64-transfected HEK 293T cells, and (C) PreS1-
GP64-transfected HEK 293T cells. Black histograms represent cells stained with an isotype control antibody, green histograms
represent cells stained with the GP64 antibody AcV1, and red histograms represent cells stained with the PreS1 peptide antibody
AP2.



p24 were 6.8 and 6.6, respectively, demonstrating that the
PreS1-GP64 protein is incorporated into viral particles with
equivalent efficiency as the wtGP64 protein (Fig. 2A, lanes 1
and 2). When viral lysates were analyzed in the absence of a
reducing agent both GP64 and PreS1-GP64 gave high molec-
ular weight bands representing the expected dimers and trimers
(Fig. 2B, lanes 1 and 2). An antibody directed against the PreS1
peptide (AP2) reacted specifically with the PreS1-GP64 lentivi-
ral vector and not with GP64 (Fig. 2C, lanes 1 and 2). These
results show that introduction of the PreS1 peptide does not af-
fect processing or incorporation in lentiviral vector particles.

PreS1-GP64 lentiviral vectors have 
altered tropism in vitro

Because there is no structural information available for the
GP64 protein, it is difficult to predict what effects the intro-

duction of the PreS1 peptide will have on the folding and func-
tion of the PreS1-GP64 protein. To evaluate the PreS1-GP64
protein, a panel of cell lines was selected to compare viral titers
and tropism of GP64- and PreS1-GP64-pseudotyped lentiviral
vectors. For all cell lines tested there was a reduction in the titer
of PreS1-GP64 lentiviral vectors as compared with GP64 (Table
1). To confirm that the observed titer differences between
GP64- and PreS1-GP64-pseudotyped lentiviral vectors were re-
lated to the viral envelope and not to differences in vector prepa-
rations we measured p24 viral antigen in three different viral
preparations of both GP64 and PreS1-GP64. The p24 content
of GP64 and PreS1-GP64 per milliliter of viral supernatant was
similar. Because the titers of the PreS1-GP64-pseudotyped virus
are reduced, the infectivity (transducing units per nanogram of
p24 protein) was 3.8 � 103 � 2 � 103 for GP64 and 3.1 �
101 � 3 � 101 for PreS1-GP64. This confirms that the observed
titer differences are due to viral envelope function.

Insertion of the PreS1 peptide into the GP64 protein appears
to result in a disruption of the endogenous cell-binding motifs
of the GP64 protein. This conclusion is supported by the in-
ability of PreS1-GP64-pseudotyped lentiviral vectors to trans-
duce HeLa cells, a cell line that is efficiently transduced with
the GP64 protein (Table 1). Interestingly, the highest viral titers
were observed with a subset of liver-derived cell lines: HepG2,
Huh7, and CCLP-1 (Table 1). To determine whether the pref-
erential gene transfer to liver-derived cells extends to primary
cells we transduced freshly isolated human fetal liver cells
(HFLCs) with both GP64 and PreS1-GP64 lentiviral vectors.
PreS1-GP64-pseudotyped lentiviral vectors transduced both
HepG2 and HFLCs with equivalent efficiency (Table 2), show-
ing that the preferential gene transfer extends to primary cells
as well. Assuming that the ability to induce cell fusion is in-
dependent of cell type, these data suggest that PreS1-GP64-
pseudotyped lentiviral vectors use an alternative receptor for
cell binding. The higher titers observed on the liver-derived
cells suggest that this alternative receptor may be the unidenti-
fied HBV receptor.

Inhibition of lentiviral transduction by antibodies to
PreS1 and GP64

Lentiviral transductions were performed in the presence of
antibodies to wtGP64 and to HBV PreS1. The PreS1 antibody
AP2 specifically inhibited PreS1-GP64- but not wtGP64-
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TABLE 1. VIRAL TITERS FROM UNCONCENTRATED VIRAL SUPERNATANTS OF CELL LINES WITH

EITHER GP64 OR PRES1-GP64-PSEUDOTYPED LENTIVIRAL VECTORS EXPRESSING

GFP FROM UBIQUITOUS PGK PROMOTERa

Cell line GP64 PreS1-GP64 Ratio (�100)b

HepG2 3.0 � 105 � 1.3 � 105 2.2 � 104 � 1.0 � 104 7.3
Huh7 6.3 � 105 � 1.2 � 105 2.2 � 104 � 1.0 � 104 3.5
CCLP-1 2.9 � 105 � 1.5 � 105 2.5 � 104 � 1.2 � 104 8.6
HeLa 1.1 � 105 � 0.9 � 105 UD
MIA PaCa 7.8 � 105 � 0.7 � 105 5.5 � 103 � 0.2 � 104 0.7
LX-2 8.0 � 105 � 3.2 � 105 1.5 � 103 � 0.2 � 104 0.2

Abbreviations: GFP, green fluorescent protein; PGK, phosphoglycerate kinase; UD, undetected titer.
aViral titers are reported as transducing units per milliliter.
bThe ratio is the PreS1-GP64 titer divided by the GP64 titer (�100) and is an indication of cell speci-

ficity. Viral titers were determined on the basis of at least three independent experiments.

FIG. 2. Concentrated lentiviral vectors pseudotyped with ei-
ther GP64 (lane 1) or PreS1-GP64 (lane 2) were used for anal-
ysis of GP64 and PreS1-GP64 protein expression in viral prepa-
rations by Western blotting. (A) Western blot of GP64 and
PreS1-GP64 viral supernatant probed with the AcV5 (GP64)
antibody. (B) Western blot of GP64 and PreS1-GP64 viral su-
pernatants, in the absence of a reducing agent (dithiothreitol,
DTT), probed with AcV5 antibody. Labeled arrows indicate
bands corresponding to dimerized and trimerized GP64 and
PreS1-GP64 proteins. (C) Western blot of GP64 and PreS1-
GP64 viral supernatants probed with AP2 (PreS1 peptide) an-
tibody. Bottom: As a loading control all blots were probed with
an antibody (ND1) directed against the HIV-1 p24 protein.

http://www.liebertonline.com/action/showImage?doi=10.1089/hum.2007.027&iName=master.img-001.jpg&w=228&h=139


pseudotyped lentiviral vector transduction. In contrast, the
GP64 AcV1 antibody specifically inhibited transduction of
wtGP64- but not PreS1-GP64-pseudotyped lentiviral vector
transduction (Fig. 3). The higher viral titers observed on liver-
derived cell lines and the ability of the AP2 antibody to neu-
tralize gene transfer of PreS1-GP64-pseudotyped lentiviral vec-
tors suggest that both the PreS1 peptide and its cellular receptor
are involved in facilitating viral attachment to the cell surface.

DISCUSSION

The introduction of ligands for specific cellular receptors into
viral envelope proteins for the targeting of viral vectors has had
the most success with adenoviral vectors. Unfortunately, retro-
viral vector envelopes appear to be much less permissive to the
insertion of peptide sequences. Many of the viral envelope pro-
teins commonly used for pseudotyping lentiviral vectors poorly
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TABLE 2. VIRAL TITERS FROM UNCONCENTRATED VIRAL SUPERNATANTS OF CELL LINES

WITH EITHER GP64 OR PRES1-GP64-PSEUDOTYPED LENTIVIRAL VECTORS EXPRESSING GFP
FROM UBIQUITOUS PGK PROMOTERa

Cell line GP64 PreS1-GP64

HeLa 1.2 � 106 � 0.4 � 106 UD
HepG2 1.6 � 106 � 0.6 � 106 6.0 � 103 � 2.6 � 103

Human fetal liver cells 3.2 � 106 � 1.8 � 106 5.9 � 103 � 5.2 � 103

aViral titers are reported as transducing units per milliliters. Titers are based on three dif-
ferent viral preparations of GP64 and PreS1-GP64 performed in duplicate.

FIG. 3. HepG2 cells were transduced with GP64 LV pgk GFP or PreS1-GP64 LV pgk GFP lentiviral vector in the absence of an-
tibody (left) or in the presence of 1:1000 diluted AcV1 GP64 antibody (middle) or 1:1000 diluted AP2 PreS1 peptide antibody (right).
GFP expression in transduced HepG2 cells was measured by flow cytometry. Control (i.e., not transduced) cell data, represented by
black lines, are included in each histogram. These results are representative of at least three independent experiments.

http://www.liebertonline.com/action/showImage?doi=10.1089/hum.2007.027&iName=master.img-002.jpg&w=465&h=367


tolerate modification, often resulting in reduced expression and
function (Verhoeyen and Cosset, 2004). To successfully apply
peptide ligand targeting for lentiviral vectors it is important to
identify a candidate viral envelope protein that is capable of
surface display of the peptide ligand while retaining the ability
to induce fusion of viral and cell membranes after binding to
the targeted receptor. In this regard, we investigated a candi-
date viral envelope protein derived from the baculovirus (AcM-
NPV), GP64, for the targeting of lentiviral vectors.

A 27-amino acid peptide derived from the HBV PreS1 pro-
tein (Neurath et al., 1986) was selected for insertion into a nat-
urally occurring NotI restriction site located at amino acid po-
sition 278 of the GP64 protein. In the baculoviral vector system
this site was previously described for the introduction and sur-
face display of peptides ranging in size from 6 to 12 amino
acids, with the resulting baculovirus particles having an ap-
proximately 5-fold reduction in viral infectivity compared with
GP64 (Ernst et al., 2000; Spenger et al., 2002). Characteriza-
tion of the PreS1-GP64 protein showed that it was indeed ex-
pressed and resulted in surface display of the PreS1 peptide as
determined by immunostaining and flow cytometric measure-
ments (Fig. 1) when expressed in HEK 293T cells. Lentiviral
vector particles produced with the PreS1-GP64 envelope pro-
tein efficiently incorporated the modified envelope protein (Fig.
2A, lanes 1 and 2), formed biologically active trimers
(Markovic et al., 1998) (Fig. 2B, lanes 1 and 2), and reacted
with an antibody directed against the PreS1 peptide fragment
(Fig. 2C, lane 2). In comparison with the wtGP64 protein, we
found a slight reduction in the expression levels and incorpo-
ration into viral particles of the PreS1-GP64 protein.

Functional assessment of the PreS1-GP64 lentiviral vectors
was performed on a panel of cell lines of hepatic and extra-
hepatic origin. Of the hepatically derived cell lines, HepG2 has
been shown to express a receptor that binds the PreS1 peptide
selected in our PreS1-GP64 protein (Neurath et al., 1986). Vi-
ral titers of the PreS1-GP64 lentiviral vectors were lower on all
cell lines tested as compared with GP64 lentiviral vectors (Table
1). Interestingly, there was an apparently complete loss of gene
transfer to HeLa cells as determined by flow cytometry (Table
1). At present, the structure of GP64 has not yet been deter-
mined, the domains of the protein involved in cell binding have
not been characterized, and the mammalian cell receptor(s) or
general cell surface motifs used for cell binding have not been
described (Duisit et al., 1999; Tani et al., 2001; Ghosh et al.,
2002). Because previous reports of peptide insertions into the
GP64 envelope protein did not show alteration of baculoviral
tropism (Ernst et al., 2000; Spenger et al., 2002) and because
no modifications were made to ablate the native tropism, the
observed loss in gene transfer to HeLa cells was not expected.
This suggests that insertion of the PreS1 peptide may alter 
the structure of the GP64 protein, in particular the domains in-
volved in recognizing mammalian cell surface molecules, as the
PreS1-GP64 protein appears to retain other functions (Fig. 2B,
lane 3).

The cell lines in the panel most likely to express the HBV
receptor, that is, HepG2, Huh7, CCLP-1 (Seeger and Mason,
2000), and primary human fetal liver cells (Lin et al., 2007),
have a relatively higher viral titer as compared with cell lines
HeLa, LX-2, and MIA PaCa (Tables 1 and 2). Cholangiocytes
have been shown to contain both HBV viral antigens (Dell-

adetsima et al., 1994) and DNA (Blum et al., 1983). Because
the nature of the HBV receptor is unknown we were not able
to confirm expression in the target cells. In addition, the ob-
servation that the AP2 antibody can neutralize gene transfer of
PreS1-GP64 lentiviral vectors to HepG2 cells (Fig. 3) provides
supportive evidence that the peptide and its respective receptor
may be involved in complementing the apparent loss in en-
dogenous binding of the PreS1-GP64 protein.

In future, determining the structure of the GP64 protein will
allow for optimal placement of targeting peptides. We have
demonstrated the first use of the GP64 envelope protein for the
preferential targeting of lentiviral vectors, using a peptide in-
sertion.
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ABSTRACT

Regulated expression of a therapeutic gene is crucial
for safe and efficacious gene therapy. Many inducible
regulatory systems use a constitutive promoter to
express a regulatory protein, such as rtTA in the
Tet-On system, which may restrict their use because
of cytotoxicity and immunogenicity. Autoregulatory
expression of rtTA provides extremely low levels of
rtTA when transgene expression is off, with rapid
transgene induction upon addition of doxycycline.
Lentiviralvectors efficiently transfergenes todividing
and non-dividing cells with long-term gene expres-
sion both in vitro and in vivo. We compared regulatory
function in a single lentiviral vector where rtTA was
either expressed from a constitutive promoter or
placed in an autoregulatory loop. Autoregulatory
expression of rtTA was superior to constitutive pro-
moter expression, resulting in higher viral titers,
undetectable levels of both rtTA and transgene
expression in the absence of doxycycline, improved
induction kinetics and increased induction levels in
all cells tested. We further expanded the utility of the
autoregulatory vector by using an improved rtTA vari-
ant with an increased sensitivity to doxycycline. This
lentiviral vector with doxycycline-regulated trans-
gene expression may be useful for gene therapy
applications and in experimental settings where strict
temporal expression of a transgene is required.

INTRODUCTION

Lentiviral vectors are efficient vehicles for the delivery of
genes to both dividing and non-dividing cells in vitro and
in vivo (1–3). Many vectors for gene therapy use a strong

constitutive promoter to drive the expression of the transgene,
which may not reflect physiological expression levels and can
in fact be harmful to the cell (4,5). Progress toward the clinical
use of lentiviral vectors for gene therapy will require the
ability to regulate the expression of the transgene for improved
safety and efficacy (4,5). An ideal gene therapy vector should
include a regulatory system that is off in the resting state,
exhibit tight regulation and allow for rapid and repeatable
induction in response to a clinically approved inducer
molecule.

The tetracycline-dependent transcriptional regulatory sys-
tem (6) is one of the best studied systems with proven efficacy
in vitro and in vivo (4,5,7,8). This system is based on the
Escherichia coli Tn10 Tetracycline resistance operator con-
sisting of the tetracycline repressor protein (TetR) and a spe-
cific DNA-binding site, the tetracycline operator sequence
(TetO). In the absence of tetracycline, TetR dimerizes and
binds to the TetO. Tetracycline or doxycycline (a tetracycline
derivative) can bind and induce a conformational change in the
TetR leading to its disassociation from the TetO. A TetR
mutant was identified with a reverse phenotype where binding
to the TetO was triggered by doxycycline (9). Fusion of the
VP16 transactivation domain of the Herpes simplex virus to
either TetR or the mutant TetR resulted in a tetracycline
responsive transactivator (tTA) (6) and a reverse tTA (rtTA)
(9). Mutagenesis and codon optimization of the TetR and
reduction of the VP16 activation domain to three repeats of
a 12 amino acid minimal activation domain (10) generated an
improved rtTA, rtTA2S-S2 (11), with reduced background
activity. A tetracycline responsive promoter (TRE) for
mammalian expression was constructed by fusing a minimal
cytomegalovirus (CMV) promoter to seven TetO repeats
(6), which was combined with either tTA to make the
Tet-Off or rtTA to make the Tet-On transcriptional regulatory
system.

Although the Tet-Off system is more sensitive to doxycyc-
line as opposed to the Tet-On system, there are several features

*To whom correspondence should be addressed. Tel: +31 205668701; Fax: +31 205669190; Email: d.m.markusic@amc.uva.nl

ª The Author 2005. Published by Oxford University Press. All rights reserved.

The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press
are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but
only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org

Nucleic Acids Research, 2005, Vol. 33, No. 6 69
doi:10.1093/nar/gni062

 Published online April 4, 2005



that make the Tet-Off system less suitable for gene therapy
applications. Induction with the Tet-Off system depends on the
pharmacological elimination of doxycycline and tends to be
slower as compared with the Tet-On system (9,12,13). In
addition, the Tet-Off system requires persistent administration
of doxycycline to suppress gene expression, which may not be
ideal when used with a lentiviral vector that provides life long
gene expression. These properties make the Tet-On system a
better choice for transcriptional regulation in most gene ther-
apy applications. Recent improvements in the rtTA protein
(11,14), including reduced background activity and increased
doxycycline sensitivity, now make this possible.

Many Tet-On regulated transgene expression systems use
two separate constructs, one containing the TRE-regulated
transgene and the second containing rtTA expressed by a
constitutive promoter. This binary system relies on the
co-transduction of cells and requires selection and screening
to obtain a homogenously transduced population, which is not
possible in vivo. We have combined all the elements required
for Tet-On regulation into a single cassette with either a con-
stitutive promoter or an autoregulatory loop for the expression
of rtTA. These cassettes were cloned into a third generation
lentiviral vector system for the production of self-inactivating
vectors (15,16) containing the central polypurine tract (cPPT)
and the Hepatitis B post-transcriptional regulatory element
(PRE) for enhanced gene expression (17).

A limited number of studies have evaluated the autoregu-
latory expression of rtTA in a plasmid (18,19) and AAV
vector (20) as compared with tTA (21–26). Autoregulatory
expression of rtTA allows for extremely low levels of both
the transactivator and the transgene product in the absence of
doxycycline, with sufficient rtTA molecules for initiating the
expression upon addition of doxycycline. Restricted expres-
sion of rtTA with an autoregulatory system could expand
applicability both in vitro and possibly in vivo. Previous
studies of autoregulatory rtTA expression were performed
with transient vector systems (18–20) that remain episomal.
In contrast, lentiviral vector gene transfer results in stable
integration and long-term gene expression, which presents a
different context for the evaluation of autoregulatory rtTA
expression. Our aim is to compare transcriptional regulatory
function between a constitutive promoter and an autoregu-
latory loop driving expression of rtTA in a single lentiviral
vector. Optimization of the lentiviral vector constructs was
performed for the production of high titer regulatable len-
tiviral vectors. We tested this vector system in a panel of
human primary and established cell lines of diverse origin.
We further compared rtTA protein expression, repeated in-
duction cycles, induction kinetics and doxycycline
concentration-dependent expression in single Tet-On len-
tiviral vectors with a constitutive promoter or an autoregu-
latory loop for the expression of rtTA.

MATERIALS AND METHODS

Cloning of the constructs

First generation vectors were adapted from a conditional rep-
licating HIV-1 vector (27). The viral LTR containing eight
copies of the TetO and rtTA was cloned as a partial AflII and
EcoRI fragment and cloned into pRRL cPPT PGK eGFP PRE

SIN (17) to make LTRCMVAR2. The EMCV IRES fragment
was cloned by PCR into the pCR2.1 TOPO vector using the
following primers and sequence verified.

IRES S
50-ATCCGCGGACCGGTACGTACTCGAGGCTGCAG-
GAATTCCGCCCC-30

IRES AS
50-TTGTCCAGTCTAGACATGGTTGTGGCCATATTA-
TCATCGTG-30

The CMV promoter from LTRConAR2 was removed by XbaI–
SacII digestion. An XbaI–SacII digest of pCR2.1 IRES
released the internal ribosome entry site (IRES) for ligation
into LTRCMVAR2 to make LTRAutoAR2. A BamHI–EcoRI
digest of pd2eGFP (28) created a d2eGFP fragment that was
cloned into LTRAutoAR2 to make LTRAutoR2. An AgeI–
EcoRI digest of pd2eGFP created a d2eGFP fragment that was
ligated into LTRConAR2 to make LTRConR2.

pRRL cPPT d2eGFP CMV rtTA2S-S2 LTRTetO8 SIN
(LTRCMVR2)
pRRL cPPT d2eGFP IRES rtTA2S-S2 LTRTetO8 SIN
(LTRAutoR2)

An AgeI digest of LTRAutoR2 removed d2eGFP and the
subsequent ligation created LTRMCSAutoR2. Digestion of
pCMV-rtTAS12G F86Y A209T (14) (rtTA3) with XbaI–XmaI
created an rtTA3 fragment that was ligated into an XbaI–
XmaI digest of LTRMCSAutoR2 to make LTRMCSAutoR3.

pRRL cPPT TRE d2eGFP CMV rtTA2S-S2 PRE LTR SIN
(TRECMVR2)
pRRL cPPT TRE d2eGFP IRES rtTA2S-S2 PRE LTR SIN
(TREAutoR2)
pRRL cPPT TRE d2eGFP IRES rtTA3 PRE LTR SIN
(TREAutoR3)

The CMVR2 and AutoR2 fragments were created by a
BamHI–EcoRV digest of LTRCMVR2 and LTRAutoR2,
respectively. The pUHV13-3wt4c vector containing CMVmin
fused to seven copies of the TetO was also digested with
BamHI–EcoRV to remove luciferase. The CMVR2 and
AutoR2 fragments were ligated to create TRECMVA and
TREAutoA. An XhoI site 50 of the TRE was replaced by a
ClaI site. A ClaI–DraI digest of both TREAutoB and
TRECMVB released the complete Tet-On Auto and CMV
cassettes, respectively, which were subcloned into a ClaI–
EcoRv digested pBSK vector to make pBTREAutoB and
pBTRECMVB. The Tet-On Auto and CMV cassettes were
released by a ClaI–SpeI digest and ligated into a ClaI–SpeI
digested lentiviral vector backbone to make TREAutoR2 and
TRECMVR2. An AgeI–EcoRv digest of LTRAutoR3 released
the Tet-On Auto fragment with rtTA3. The fragment was
cloned into an AgeI–AscI (blunted) digest of TREAutoR2
to create TREAutoR3.

Cell lines and culturing

The following cell lines and primary cells were used in this
study: HEK293T, HeLa, HepG2, SJNB-8 (neuroblastoma),
human umbilical vein endothelial cells (HUVECs), human
fibroblasts and human fetal liver cells (HFLCs). All cells
were cultured (with the exception of HUVEC and HFLC)
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in standard DMEM supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin
and 2 mM glutamine at 37�C in 10% CO2.

HFLC cells were cultured in standard DMEM, above,
supplemented with 100 nM dexamethasome and 1· ITS
mix (Invitrogen).

HUVEC cells were cultured in M199 with 25 mM HEPES
(Gibco) supplemented with 10% FBS, 100 U/ml penicillin,
100 mg/ml streptomycin, 2 mM glutamine, 50 mg/ml
heparin and 25 mg/ml endothelial cell growth supplement
(Sigma). Cells were cultured on fibronectin coated flasks
and plates.

Lentiviral vector preparation

Lentiviral vectors were prepared as reported previously (29).
Briefly, HEK 293T cells were transiently transfected by cal-
cium phosphate precipitation with a third generation lentiviral
vector system (15,16). Twenty-four hours following transfec-
tion, fresh medium was added supplemented with 25 mM
HEPES, pH 7.4. Virus containing supernatant was collected
48 h following transfection, filtered through 0.45 mm Millipore
filters and frozen at �80�C.

Virus titer determination and cell transduction

Viral titers were determined by serial dilution of virus on HeLa
cells transduced for 4 h with 10 mg/ml DEAE Dextran.
Doxycycline (Sigma) was dissolved at 10 mg/ml in water
and filter-sterilized. Stocks were kept frozen at �20�C.
Doxycycline (1000 ng/ml) was added to cells for 72 h and
cells were harvested and green fluorescent protein (GFP)
expression was measured by flow cytometry. For all experi-
ments, induction was performed with 1000 ng/ml doxycycline
unless otherwise specified.

SDS–PAGE and western blotting

Cells were harvested by washing with phosphate-buffered
saline (PBS) and collected by scraping in PBS with 5 mM
EDTA. Lysates were made by sonication in PBS with 5 mM
EDTA. Protein levels were determined using the Bio-Rad DC
Protein Assay. An aliquot of 25 mg of total protein was loaded
for each lysate on NuPage gels (10% Bis-Tris with MOPS
running buffer; Invitrogen) according to the manufacturer’s

instructions. Gel and western blotting was performed in an
Xcell SureLock Mini-Cell (Invitrogen) following the manu-
facturer’s instructions.

An antibody directed against rtTA was purchased from
MoBiTec (TET02) and used at a dilution of 1:2000. A mono-
clonal antibody directed against eGFP was purchased from
Clontech (JL-8) and used at a dilution of 1:5000. A mono-
clonal antibody directed against actin was purchased from
NeoMarkers (Ab-5) and used at a dilution of 1:1000. Goat
anti-mouse IgG (H + L)–horseradish peroxidase conjugate
(Bio-Rad) was used at a 1:1000 dilution. Lumi-Light western
blotting substrate (Roche) was used for the detection of bands
and the blot was scanned in using a LumiImager F1 and
LumiAnalyst 3.1 software (Roche).

RESULTS

Generation of lentiviral vector constructs

In all our constructs, we used a destabilized form of GFP
(d2eGFP, 2 h half-life) (28) specifically designed for use
with transcriptional regulatory systems. Our first generation
single Tet-On lentiviral vectors, LTRCMVR2 (a constitutive
CMV promoter driving rtTA expression) and LTRAutoR2
(autoregulatory rtTA expression), contain the TetO element
within the vector LTR (27) (Figure 1A and B). These con-
structs yielded viral titers �100 times lower when compared
with lentiviral vectors expressing GFP from a constitutive
promoter (Table 1) and were, therefore, not considered for

Figure 1. (A) Schematic representation of the constructed lentiviral vectors. First generation single dox-regulated lentiviral vector with eight repeats of the TetO
located within the viral LTR with rtTA expressed from the strong constitutively active CMV promoter LTRCMVR2 (A) or rtTA expressed as a bicistronic mRNA
LTRAutoR2 (B). Second generation single dox-regulated lentiviral vector with an internal tetracycline responsive element (TRE) containing a minimal CMV
promoter fused to seven copies of the TetO and the HBV PRE with rtTA expressed from the strong constitutively active CMV promoter TRECMVR2 (C) or rtTA
expressed as a bicistronic mRNA TREAutoR2 (D). Asterisk: rtTA was either rtTA2S-S2 or rtTA3 (rtTA2S-S2 with three amino acid substitutions S12G, F86Y and
A209T).

Table 1. Viral titers reported as HeLa transducing units (HTU/ml)

Lentiviral vector HTU/ml

PGKeGFP 2.5 · 106 – 3.3 · 105

LTRCMVR2 1.6 · 104 – 1.3 · 104

LTRAutoR2 4.2 · 103 – 8.5 · 102

TRECMVR2 2.2 · 105 – 1.4 · 105

TREAutoR2 1.0 · 106 – 2.5 · 105

TREAutoR3 1.3 · 106 – 3.7 · 105

PGKeGFP is a lentiviral vector with constitutive expression of eGFP using the
PGK promoter. Mean and standard deviations were determined from at least
three independent virus preparations.
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further use. In our second generation vectors TRECMVR2 (a
constitutive CMV promoter driving rtTA expression) and TR-
EAutoR2 (autoregulatory rtTA expression) (Figure 1C and D),
we introduced two improvements over the first generation.
First, the TetO element (TRE) was removed from the

LTR and internalized in the vector. Second, to enhance the
gene expression, the Hepatitis B post-transcriptional regulat-
ory element was added 30 of the expression cassette. Only
TREAutoR2 and TREAutoR3 yielded viral titers comparable
with a lentiviral vector with constitutive expression of
GFP (Table 1).

Autoregulatory expression of rtTA results in higher
induction levels

For a comprehensive analysis of the induction levels of both
TRECMVR2 and TREAutoR2, we chose a panel of human
primary and established cell lines derived from a variety of
tissues. Each cell line was transduced at a multiplicity of
infection (MOI) of 1, induced with 1000 ng/ml doxycycline
for 72 h and harvested for flow cytometry analysis. Analysis
was performed on the whole population of transduced cells to
avoid bias from clonal selection. We observed superior gene
induction in all cell lines transduced with TREAutoR2 com-
pared with TRECMVR2 (Table 2). Primary human fibroblasts
provided the highest induction levels for both TRECMVR2
and TREAutoR2 (Table 2). The primary cells, fibroblasts,
HUVEC, and HFLC and the cell line SJNB-8, gave approx-
imately equal percentage of GFP positive cells with TRE-
ConR2 and TREAutoR2 (Table 2). In contrast, we observed
a higher percentage of GFP positive cells with TREAutoR2
(Table 2) in the 293T, HeLa and HepG2 cell lines. Together
these data show that the autoregulatory expression of rtTA
improves the induction levels in all cells tested and may lead
to an improvement in the transduction efficiency in certain
cell types.

Table 2. Induction levels and percentage of GFP positive cells on indicated cell

lines transduced at an MOI of 1 with either TRECMVR2 or TREAutoR2

lentiviral vectors

Cell type Virus Induction Percentage of GFP
positive cells

HUVEC TRECMVR2 11.35 – 3.91 55.02 – 34.14
TREAutoR2 32.97 – 19.46 68.33 – 33.39

Fibroblast TRECMVR2 22.32 – 2.67 83.95 – 7.75
TREAutoR2 49.47 – 6.87 93.77 – 2.89

HFLC TRECMVR2 6.46 – 0.85 48.62 – 22.83
TREAutoR2 28.89 – 13.54 49.92 – 20.36

293T TRECMVR2 10.44 – 1.21 34.48 – 5.98
TREAutoR2 17.21 – 1.42 71.07 – 11.95

HeLa TRECMVR2 13.23 – 2.40 49.60 – 11.14
TREAutoR2 48.84 – 20.04 88.73 – 3.04

HepG2 TRECMVR2 3.81 – 0.86 36.23 – 6.58
TREAutoR2 26.94 – 11.72 68.97 – 13.31

SJNB-8 TRECMVR2 4.22 – 0.50 31.62 – 5.33
TREAutoR2 14.59 – 1.65 31.80 – 4.77

Induction values were calculated by dividing the mean fluorescence of d2eGFP
expression with doxycycline by the mean fluorescence without doxycycline.
Primary cell lines are HUVEC, human skin fibroblasts and HFLC. Established
cell lines are 293T HEK (human embryonic kidney), HeLa (cervical carci-
noma), HepG2 (hepatoma) and SJNB-8 (neuroblastoma). Induction values
and percentage of GFP positive cells represent three independent experiments
performed in duplicate.

BA

Figure 2. (A) Immunoblots of primary human fibroblasts lysates transduced with the indicated lentiviral vectors: lane 1, non-transduced cells; lane 2, PGKeGFP;
lanes 3 and 4, TRECMVR2; lanes 5 and 6, TREAutoR2. Prior to harvesting cells were grown either in the absence (�) or presence (+) of doxycycline (1000 ng/ml) for
72 h. Separate immunoblots were probed with an antibody directed against either rtTA, GFP or actin. (B) Representative flow cytometry histograms of primary
human fibroblasts transduced at an MOI of 1 with TRECMVR2 and TREAutoR2 in the absence and presence of doxycycline.
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Undetectable basal levels of rtTA with autoregulatory
expression

Autoregulatory expression of rtTA was expected to result in a
low basal expression of both rtTA and transgene in the absence
of doxycycline. To confirm this, primary human fibroblasts
were transduced at an MOI of 1 with either TRECMVR2 or
TREAutoR2. Following expansion, the cells were cultured
with or without doxycycline at 1000 ng/ml for 72 h and
then harvested. In the untreated cell lysates of TREAutoR2
transduced cells, we were unable to detect the expression of
rtTA and d2eGFP by western blotting (Figure 2A, lane 5),
confirming that the basal expression of rtTA was extremely
low. Following addition of doxycycline, we observed pro-
found induction of rtTA and d2eGFP (Figure 2A, lane 6).
The destabilized GFP, d2eGFP, has a C-terminal fusion
from the C-terminus of the mouse ornithine decarboxylase
protein (28) resulting in the observed retarded migration
(Figure 2A lane 2 versus lanes 4 and 6). TRECMVR2-
transduced fibroblasts expressed a significant amount of
rtTA protein in the absence of doxycycline (Figure 2A,
lane 3). Interestingly, we observed an increase in the rtTA
expression with TREConR2 following addition of doxycyc-
line (Figure 2A, lane 4), which is probably a result of
transcriptional read-through or promoter interference. Repres-
entative flow cytometry histograms of primary human fibro-
blasts transduced at an MOI of 1 with either TRECMVR2 or
TREAutoR2 grown in the absence or presence of doxycycline
further demonstrate the superior regulation and induction of
TREAutoR2 (Figure 2B). The immunoblotting and flow cyto-
metry results validate that TREAutoR2 allows for the regu-
lated expression of both rtTA2S-S2 and d2eGFP.

A constitutive promoter expression of rtTA
results in a loss of transduced cells following
repeating induction cycles

Repeated induction cycles may be required for many gene
therapy and gene function applications. A constitutive pro-
moter driving expression of rtTA may be detrimental, particu-
larly when transgene expression is not induced owing to
cytotoxic, anti-proliferative and immunogenic properties of
rtTA. We, therefore, performed repeated induction cycles in
HeLa cells transduced with either TRECMVR2 or TREAu-
toR2 to evaluate the relative effects on cell proliferation and
toxicity. HeLa cells were transduced at a low MOI of 0.1 with
either TRECMVR2, TREAutoR2 or a control lentiviral vector
PGKeGFP expressing GFP from the PGK promoter. In one
induction cycle, transduced cells were grown in the presence
of doxycycline for 72 h, passaged and grown without doxy-
cycline for 96 h. We set the percentage of GFP positive cells
following the first induction cycle to 100% and subsequent
induction cycles are presented relative to this value. The per-
centage of GFP positive cells transduced with the control
lentiviral vector remained unchanged for the duration of the
study (Figure 3). The percentage of GFP positive cells
transduced with TREConR2 decreased by more than 50%
after a single induction cycle and fell to 20% of the starting
value after repeated cycles. In contrast, the percentage of
TREAutoR2-transduced cells remained unchanged even
after four induction cycles (Figure 3). Only when
TREAutoR2-transduced HeLa cells were grown continuously

in the presence of doxycycline, we observed a similar reduc-
tion in the relative amount of GFP positive cells (data not
shown). These results indicate that high levels of rtTA protein
obtained with a strong constitutive promoter driving rtTA
expression or a continuously activated autoregulatory loop
may decrease cell proliferation or is cytotoxic.

Rapid induction with the autoregulated rtTA lentiviral
vector

An effective transcriptional regulatory system should be rap-
idly turned on following the administration of the inducer
molecule. The low basal expression of rtTA2S-S2 from
TREAutoR2 in the absence of doxycycline could increase
the time required for maximal activation as compared with
TRECMVR2. To determine the time for maximal induction,
we transduced HeLa cells at an MOI of 1 with either
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Figure 4. Induction kinetics of HeLa cells transduced at an MOI of 1 with
TRECMVR2 or TREAutoR2. Percentage of maximum expression at indicated
time points following doxycycline administration. Values represent the mean
and standard deviation of three independent experiments performed in
duplicate.
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Figure 3. Cyclic induction with serial passaging of HeLa cells transduced at an
MOI of 0.1 with PGKeGFP, TRECMVR2 or TREAutoR2. The number of GFP
positive cells detected upon first induction was set to 100% with all subsequent
measurements normalized to the first induction levels. Cells were cultured
for 3 days with doxycycline and the percentage of GFP positive cells was
determined by flow cytometry. Subsequently, the cells were passaged and
cultured for 4 days without doxycycline. A new induction cycle was initiated
by passaging the cells and the addition of doxycycline. These data are from three
independent experiments performed in duplicate with mean and standard
deviations.
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A

B

Figure 5. Doxycycline dose–response on primary human fibroblasts transduced at an MOI 0.1 with TRECMVR2, TREAutoR2 or TREAutoR3. (A) Representative
flow cytometry histograms of primary human fibroblasts transduced with indicated virus and treated with either 0, 100 or 1000 ng/ml doxycycline. (B) Mean
fluorescent intensity of fibroblasts treated with 0, 25, 50, 100, 500 or 1000 ng/ml doxycycline transduced with indicated inducible lentiviral vector. Closed triangles
represent TRECMVR2; open squares represent TREAutoR2; and closed diamonds represent TREAutoR3. Values represent the mean and standard deviation of two
independent experiments performed in duplicate.
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TRECMVR2 or TREAutoR2 and added doxycycline at fixed
time points. We set 72 h as the time required for maximal
expression because we observed no further increase in GFP
expression at later time points (D.M. Markusic, unpublished
data). Maximum gene expression of d2eGFP was obtained
with TREAutoR2 at 48 h as compared with TREConR2 at
72 h (Figure 4). Thus, in addition to higher induction levels,
TREAutoR2 also triggers a more rapid gene induction than
TRECMVR2.

The autoregulated lentiviral vector is greatly improved
with a more sensitive rtTA variant

The development of a lentiviral vector with regulated trans-
gene expression for use in gene therapy requires complete
gene control at physiological obtainable concentrations of
doxycycline. We compared the level of d2eGFP expression
of TRECMVR2 and TREAutoR2 on primary fibroblasts over a
range of doxycycline concentrations (0–1000 ng/ml). Low
doxycycline concentrations did not activate d2eGFP expres-
sion with TREAutoR2 (Figure 5A and B). The very low basal
expression of rtTA2S-S2 and low sensitivity to doxycycline
probably prevents the successful initiation of the autoregulat-
ory loop. To increase doxycycline sensitivity, we replaced
rtTA2S-S2 with the recently described improved rtTA3 variant
with improved activity and doxycycline sensitivity (14). Sub-
stitution of rtTA3 into TREAutoR2 to make TREAutoR3 res-
ulted in viral titers similar to TREAutoR2 (Table 1) and
activation of the autoregulatory loop and gene expression at
a lower concentration of doxycycline (Figure 5A and B).
Furthermore, at 100 ng/ml doxycycline TREAutoR3 reached
expression levels 4-fold higher than TREConR2 and 7-fold
higher than TREAutoR2, and at 1000 ng/ml doxycycline both
TREAutoR2 and TREAutoR3 reached expression levels
higher than TRECMVR2.

DISCUSSION

We report a single Tet-On lentiviral vector with autoregulated
rtTA expression for regulated expression of a transgene.
Previous studies using autoregulation of tTA or rtTA tested
the addition of a second TRE (18,24) or a bi-directional TRE
(19,20,25). When the strong TRE promoter was used to drive
the expression of tTA or rtTA, cytotoxicity (19,24) and
reduced cell proliferation (30) were reported. To reduce the
efficiency of rtTA expression, we used a bicistronic mRNA
that expresses both the transgene and rtTA via an IRES (31)
(Figure 1D). Previous studies using a bicistronic mRNA for
autoregulatory expression were performed in a single cell line
with the Tet-Off system (tTA) in a retroviral vector backbone
(21,22). These studies used either drug selection or cell sorting
to isolate cell clones that exhibit optimal induction and regu-
lation, which leads to bias and overestimation of regulatory
function as compared with the evaluation on a population of
transduced cells. Our Tet-On lentiviral vector with auto-
regulated rtTA expression further allows for efficient gene
transfer to non-dividing cells, does not require persistent doxy-
cycline administration to switch off the gene expression, and is
better suited for gene therapy and a variety of gene function
applications.

We compared lentiviral vectors in which rtTA is expressed
from a constitutive promoter with vectors in which rtTA is

placed in an autoregulatory loop. Autoregulatory expression
of rtTA (TREAutoR2 and TREAutoR3) resulted in higher
lentiviral vector titers as compared with the constitutive
promoter expression vector (TRECMVR2) (Table 1). The
autoregulatory vector TREAutoR2 also provided superior in-
duction levels on a panel of human primary and established
cells lines (Table 2), which is consistent with previous findings
with the Tet-Off system (24). The variable induction levels
observed with the different cell lines can be attributed to
relative differences in transduction efficiencies or perhaps
relative sensitivity to the cytotoxic effects of rtTA. With
two established cell lines commonly used in our laboratory,
Caco-2 (a coloncarcinoma cell line) and CC-LP-1 (32)
(a cholangiocarcinoma cell line), we observed cytotoxicity
when cells were transduced with TREConR2 in the absence
or presence of doxycycline and with TREAutoR2 only when
doxycycline was present (data not shown). These findings
further demonstrate the very low basal expression of rtTA
in the absence of doxycycline obtained with TREAutoR2
and suggest that rtTA may not be compatible with all cell
types in vitro.

We demonstrated with immunoblotting that there was no
detectable level of rtTA expression with TREAutoR2 in the
absence of doxycycline, and transgene expression was rapidly
induced following addition of doxycycline (Figure 2A and B).
Repeated cycles of gene induction and expansion of HeLa
cells transduced with TRECMVR2 resulted in a loss of
GFP expressing cells over time, suggesting that a strong con-
stitutive promoter driving expression of rtTA may result in
decreased cell proliferation or cytotoxicity (Figure 3). This
was not observed when HeLa cells were transduced with
TREAutoR2 or a control lentiviral vector expressing GFP
from the PGK promoter. We, therefore, demonstrated that
TREAutoR2 is superior over TRECMVR2 for long-term cul-
turing with repeated induction cycles. The TREAutoR2 len-
tiviral vector resulted in superior induction kinetics over
TRECMVR2 (Figure 4). With TREAutoR2, rtTA is able to
activate its own promoter upon doxycycline administration
resulting in a rapid increase in the level of rtTA protein,
which leads to the strong and rapid induction in transgene
expression. One disadvantage of TREAutoR2 was the require-
ment for high concentrations of doxycycline to turn on gene
expression, which may not be possible to obtain in vivo.
By substituting rtTA2s-S2 with a greatly improved rtTA
variant (14), rtTA3, we were able to significantly reduce
the concentration of doxycycline required for activation
(Figure 5A and B).

This is the first comprehensive study comparing gene
regulation with constitutive or autoregulatory expression of
rtTA in the context of a single lentiviral vector system. Single
lentiviral vectors with doxycycline regulated gene expression
have been described with tTA (33–35) and rtTA (36). All of
these vectors used a strong constitutive promoter to express
either tTA or rtTA. Our results indicate that the autoregulatory
expression of rtTA creates an improved transcriptional
regulatory system with expanded applications in vitro and may
be more effective in vivo as compared with the constitutive
expression of rtTA. The Tet-On system with autoregulatory
rtTA expression in a single lentiviral vector is well suited for
a variety of applications, including gene therapy, generation
of transgenic animals, conditional immortalization and in
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research applications where strict temporal gene expression is
required.
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Abstract 
 
Background 
Lentiviral gene transfer to rat skeletal muscle provides stable, long-term 
expression of therapeutic genes such as erythropoietin (Epo).  Because over-
expression of Epo can lead to clinical complications, regulated expression of 
Epo is needed. However, long-term Tet-On regulated expression in vivo is 
problematic due to immune responses against the constitutively expressed 
transactivator, rtTA. The administration of a gene therapy vector is likely to 
increase an immune response to viral transgenes because the injection itself 
and the presence of large amounts of viral capsid proteins induce, so called  
“danger signals”, that trigger an innate immune response and recruit 
inflammatory cells to the injection site. 
 
We have developed an improved doxycycline regulated lentiviral vector. One 
of the advantages of this autoregulatory vector is that basal expression of rtTA 
is very low. In our vector system we are therefore able to temporally separate 
the injection of virus and the expression of the therapeutic gene and rtTA 
transactivator. We investigated whether induction of transgene expression 
after disappearance of danger signals would lead to tolerance to rtTA. 
 
Methods and results 
Wistar rats were injected in the hind leg muscle with an autoregulatory rat Epo 
expression vector and induced after two or six weeks. After administration of 
doxycycline in the drinking water, rats in the early (n=7) and late (n=5) groups 
responded with a significant increase in hematocrit.  However, most rats 
responded only to a single round of doxycycline induction. One rat in the late 
induction group went through three induction cycles. Circulating antibodies 
directed against rtTA were detected, irrespective of early or late induction.   
 
Conclusions 
Our data suggests that an immune response directed against transduced 
muscle cells is responsible for the rapid loss in Epo expression. Therefore, 
even when the danger signals from a viral injection have disappeared, 
expression of a foreign protein will lead to an immune response.   
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Introduction 
 
Clinical implementation of gene therapy will require the ability to modulate the 
expression of the therapeutic gene to maintain expression levels within a 
therapeutic window and adjust expression levels based on disease 
progression within the patient (1).  Lentiviral vectors derived from HIV-1 are a 
well-suited vehicle for the treatment of a variety inherited and acquired 
diseases.  They can deliver a relatively large therapeutic cassette into both 
dividing and non-dividing cells and integrate into the host cell genome 
providing for life long expression of the therapeutic gene (2-4).   
 
Many of the developed systems for regulating the expression of a target gene 
are based on chimeric transcription factors that bind to a specific promoter in 
the presence or absence of a small ligand molecule (5;6).  The tetracycline 
(Tet-Off and Tet-On) inducible system (7) has been extensively studied both 
in vitro and in vivo (8-10).  The basic components of this system include the 
bacterial tetracycline repressor protein (TetR) fused to a minimal 
transcriptional activation domain of the HSV VP16 protein and the tetracycline 
operator sequence (tetO) fused to a minimal CMV promoter (tetOmCMV) to 
allow for regulated expression in mammalian cells.   In its original 
configuration the TetR-VP16 fusion protein, referred to as tTA, bound to the 
tetOmCMV promoter in the absence of tetracycline leading to expression of 
the target gene.  Tetracycline can bind to the tTA protein and induce a 
conformational change leading to disassociation of the tTA complex from the 
tetOmCMV promoter and cessation of gene expression.  Directed and random 
mutagenesis led to a variety of mutant TetR proteins with reversed 
characteristics (11;12).   These so called rtTA proteins, for reverse tTA, were 
unable to bind to the tetOmCMV promoter in the absence of tetracycline.  The 
binding of tetracycline to rtTA induces a conformational change allowing 
interaction with its promoter and gene expression.   
 
Since the rtTA protein was a designer protein, early versions of the Tet-On 
system were found to have high basal activity in the absence of tetracycline.  
Additional rounds of mutagenesis resulted in the creation of rtTA variants with 
reduced basal activity and a shift in specificity to doxycycline, a tetracycline 
family member(11).   Particular mutations were identified in rtTA that also lead 
to improved sensitivity to doxycycline(11;13).  One of the prohibitive 
properties of early versions of the rtTA protein was the high concentration of 
doxycycline required for activation (100 ng/ml to 1000 ng/ml), which can be 
easily obtainable in culture but can be not be easily reached in certain tissues 
in vivo.   Novel rtTA variants derived from viral evolution were recently 
described that are responsive to as little as 10ng/ml doxycycline (14), making 
them potentially better suited for in vivo use.  
 
Although there have been significant improvements made in the basal activity 
and sensitivity of rtTA, this chimeric bacterial and viral protein can be a potent 
immunogen.   Indeed in studies performed in mice (15) and non-human 
primates(16;17), potent immune responses were detected against rtTA 
including rtTA antibodies and potent CTL responses leading to immune 
mediated clearance of transduced cells and loss of transgene expression.  
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Several factors seem to play an important roll in determining if an immune 
response is mounted against rtTA, including the vehicle used to deliver the 
expression cassette, the site of injection, and the animal model studied.    
 
In gene therapy, the therapeutic protein will often be recognized as a foreign 
antigen leading to eventual immune mediated clearance of transduced cells.   
The Danger Model proposed by Matzinger suggests that the immune system 
does not function solely based on detection of self and non-self, but 
additionally requires a danger signal to activate antigen presenting cells 
(APC) leading to an immune response (18;19).  The Danger Model predicts 
that presentation of the antigen in the absence of danger signals would lead 
to either elimination or anergization of T cells and induce a temporary state of 
tolerance.  In regards to gene therapy, Brown and Lillicrap propose several 
triggers, including the delivery vehicle, for activating danger signals (20).   
 
We have previously described a single Tet-on inducible lentiviral vector with 
autoregulatory expression of rtTA (21).  The vector was designed to have low 
basal expression of the rtTA protein in the absence of doxycycline stimulation 
and this was demonstrated in vitro.  To study our autoregulatory lentiviral 
vector system in vivo, GFP was replaced with the rat erythropoietin (Epo) 
gene.  Additionally, a recently described rtTA variant (14), rtTA4, with a 100 
time greater sensitivity to doxycycline than the originally described rtTA was 
introduced into our autoregulatory lentiviral vector.  The objective of this study 
was to determine if induction of rtTA expression in the absence of danger 
signals, associated with the injection of viral particles, would lead to tolerance 
and allow for repeated rounds of doxycycline stimulation.  
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Results 
 
Construction and in vitro evaluation of TREAutoR4rEPO 
 
Our previously described single doxycycline inducible lentiviral vector 
TREAutoR3(21) was modified by replacing the d2eGFP gene with the cDNA 
coding for rat erythropoietin and introduction of a novel rtTA variant, V16 (V9I 
F67S R171K) (14)  with a 10 fold increased sentivity to doxycycline to make 
TREAutoR4rEPO.  We selected a rat muscle cell line, H9C2, to evaluate the 
function of the system in vitro.  H9C2 cells were transduced with 5 and 10 µl 
of concentrated TREAutoR4rEPO virus and allowed to expand.  Following 
expansion, cells were stimulated with 10 ng/ml doxycycline and 72 hours later 
media was collected and cell lysates were prepared to determine basal and 
induced EPO and rtTA expression levels respectively.  Western blot of H9C2 
cell lysates showed undetectable levels of rtTA expression in the absence of 
doxycycline (Figure 1 lanes 3 and 5) with detectable expression following 
treatment with 10 ng/ml doxycycline (Figure 1 lanes 4 and 6).  Control cells 
showed no detectable rtTA expresion either in the absence or presence of 
doxycycline (Figure 1 lanes 1,2).  Epo was not detected in the media of mock 
transduced cells. (Figure 1 lower panel lanes 1 and 2).  A low basal level of 
Epo was detected in the media of unstimulated cells transduced with the 
TREAutoR4rEPO vector (Figure 1 lower panel lanes 3 and 5).  Following 
stimulation with 10 ng/ml doxycycline we detected an increase in Epo levels 
(Figure 1 lower panel lanes 4 and 6) which corresponds to a 53 and 38 fold 
induction respectively.    
 

 
Figure 1.  In vitro regulation of TREAutoR4rEpo in H9c2 rat myoblasts.  Lanes 1 and 2 
control H9c2 lysates, 3 and 4 5µl concentrated TREAutoR4rEPO, and 5 and 6 10µl 
concentrated TREAutoR4rEPO.  Levels of Epo secreted into the cell culture media were 
measured by ELISA and are reported as mIU/mL. 
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In vivo evaluation of TREAutoR4rEPO in Wistar rats 
 
Long term expression of Epo delivered by an intramuscular injection of a 
lentiviral vector with constitutive expression has been previously described in 
Fisher 344 rats (22).  To confirm similar long-term expression in Wistar rats, a 
lentiviral vector with the CMV promoter driving expression of Epo was injected 
into the hind leg of Wistar rats and blood samples were collected every two 
weeks.  An increase in hematocrit was observed two weeks following virus 
injection to 60%, reaching a plateau level of approximately 75% by week ten 
(Figure 2A), confirming long term Epo expression with an intramuscular 
lentiviral vector injection in Wistar rats. 
 
In total 16 rats received an IM injection of 0.4ug p24 of TREAutoR4rEPO virus 
in 100 ul PBS into the right hind leg.  The animals were divided into two 
groups: early induction receiving doxycycline in the drinking water two weeks 
following virus injection and late induction getting doxycycline in the drinking 
water six weeks following virus injection.  One rat from the early induction 
group and two from the late induction group did not have any response to 
doxycycline stimulation and were classified as non-responders.   Blood was 
collected every two weeks for hematocrit determination.  Two weeks following 
doxycycline administration the average hematocrit of the early induction group 
increased from 51% to 67% (Figure 2B).  Unexpectedly, after four weeks of 
doxycycline treatment the average hematocrit dropped down to 59% 
suggesting that there was a rapid loss of Epo expression following the initial 
treatment of doxycycline.  This conclusion is supported by the fact that the 
mean life span of erythrocytes in the Wistar rat is approximately 60 days (23).  
At the four and and six week time points there was a significant difference (p < 
0.005) in hematocrit between untreated and doxycycline treated rats.  A 
second round of stimulation with doxycycline was performed ten weeks 
following virus injection and no change in hematocrit was detected in all rats 
in the early induction group.  These data show that the relative amount of 
virally transduced cells is rapidly reduced to a level that is indiscriminate from 
endogenous Epo expression. 
 
At six weeks following virus injection the early induction group was placed on 
normal water while the late induction group received its first doxycycline in the 
drinking water for a period of four weeks.  Two weeks following doxycycline 
stimulation we observed an increase in hematocrit in the late induction group 
to approximately 62% (p < 0.005) compared to rats on normal water.  This 
demonstrated that transduced, non-induced cells persisted for six weeks 
without being eliminated by the immune system.  As with the early induction 
group, we observed a decrease in average hematocrit after four weeks 
treatment with doxycycline again suggesting that there is a rapid elimination of 
transduced cells upon induction of Epo expression.  A second round of 
doxycycline stimulation at week 14 failed to raise hematocrit levels as 
observed with the early induction group (Figure 2B).   
 
Interestingly, one rat, R15, within the late induction was capable of 
undergoing multiple rounds of induction with doxycycline (Figure 2C) and was 
not included in the data analysis for the late induction group.   Initial  
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Figure 2.  Percent hematocrit over time (in weeks) for animals injected with a lentiviral 
vector with constitutive (LVCMVrEpo) or inducible (TREAutoR4rEpo) Epo expression 
and controls.  (A) Mean % hematocrit values of Wistar rats (n=11) with an IM injection 
of LVCMVrEpo and controls (n=2).  (B) Mean % hematocrit of Wistar rats injected with 
0.4 µg p24 of TREAutoR4rEpo.   Early induction (n=7) given doxycycline 200 µg/mL in 
the drinking water for a period of four weeks at weeks 2 and 10.  Late induction (n=5) 
given doxycycline 200 µg/mL in the drinking water for a period of four weeks at weeks 
6 and 14.  Up arrows (black and white) indicate start points for doxycycline 
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administration for the early and late induction groups respectively.  Down arrows 
(black and white) indicate a switch to normal water for the early and late induction 
groups respectively.  (C)  Percent hematocrit of two rats in the late induction group.  
Rat 15 (R15) underwent 3 rounds of doxycycline induction while his cagemate Rat 16 
(R16) underwent 1 round of doxycycline. 
* Indicate a statistical significant difference p < 0.05 between the early and late 
induction groups. 
 
stimulation with doxycycline lead to a hematocrit of 70% and further increased 
to 77% with four weeks of doxycycline.  Following doxycycline withdrawal at 
week 10, we observed a slow reduction in hematocrit requiring 8 weeks to 
return to baseline levels.  A second round of doxycycline stimulation at week 
18 produced an increase in hematocrit with a plateau at 67% compared to the 
77% obtained in the first induction (Figure 2C).  Withdrawal of doxycycline at 
week 22 required a shorter time interval to reach baseline levels suggesting 
that there was a loss in transduced cells.  A third round of stimulation with 
doxycycline was performed at week 28 which showed a further attenuation in 
induced hematocrit levels to 58% (Figure 2C).    
 
Detection of rtTA antibodies in plasma is independent of early or late 
induction 
 
Plasma from rats at 2, 6, and 10 weeks after viral injection was analyzed for 
the presence of rtTA antibodies in the early induction, late induction, and non-
responder groups.  No antibodies were detected in the plasma of animals 
from each group at the two weeks time point.  At the ten week time point no 
difference was seen in the total number of animals positive for rtTA antibodies 
between the early and late induction groups (Table 1).  This suggests that 
there is no benefit in delaying induction for preventing a humoral immune 
response.   
 
Table 1.  Detection of circulating antibodies directed against rtTA 
Eight animals were analyzed for the presence of circulating antibodies to the rtTA 
protein by ELISA. 
 
 Weeks following virus administration 

Group 2 6 10 
Early Induction (n=3) 0/3 2/3 3/3 
Late Induction (n=3) 0/3 1/3 3/3 
Non responders (n=2) 0/2 2/2 2/2 
 
At 2 weeks following virus administration no animals had received doxycycline.  At 6 
weeks the Early induction group had been given doxycycline in the drinking water for 4 
weeks and were subsequently placed on normal water.  At 10 weeks the Late induction 
group had been given doxycycline in the drinking water for 4 weeks.  The Non 
responders consist of one animal each from the Early and Late induction groups. 
 
 
 
Influx of immune cells detected within the area of viral injection 
 
To better understand the local immunological response to an IM injection of a 
lentiviral vector rats were injected in the right hind leg with a lentiviral vector 
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expressing the GFP protein from the PGK promoter and as a control PBS in 
left hind leg.  Animals were sacrificed by in vivo fixation at one and two weeks 
following injection and viral and PBS injected muscle was collected for 
immunostaining.  Muscle sections were prepared from viral and PBS injected 
muscle and stained with an antibody directed against rat CD45 to detect the 
presence of infiltrating immune cells.  One week following lentiviral vector 
injection we observed a massive influx of CD45 positive cells specifically in 
areas with GFP expression (Figure 3A,B) and not in areas in the same piece 
of muscle negative for GFP expression (Figure 3C) or in the PBS injected 
muscle (Figure 3D).   The muscle tissue corresponding to areas of immune 
cell infiltration appeared damaged suggesting the clearance of transduced 
cells.  No GFP positive muscle cells were detected two weeks following viral 
injection (data not shown).   
 

 
Figure 3.  Immunostaining for infiltrating immune cells on formaldehyde fixed muscle 
tissue transduced with LVpgkGFP (A-C) or PBS (D).    (A,B) Areas of GFP expressing 
muscle cells (green) show co-localization with CD45 stained (red) infiltrating immune 
cells.  (C) Areas absent of GFP expression within the same piece of tissue are absent 
of infiltrating immune cells.  (D) PBS injected muscle tissue negative for both GFP 
expression and infiltrating immune cells. 
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Discussion 
 
The ability to regulate the expression level of a therapeutic gene is a vital 
issue for the advancement of gene therapy into the clinic.  In addition to 
concerns over safety, expression levels of the therapeutic gene may require 
modulation in response to the disease progression of the patient(1).  Lentiviral 
vector mediated gene therapy is well suited for the long-term expression of a 
therapeutic gene.    We have previously described a single lentiviral vector 
system for the regulated expression of gene using the Tet-On inducible 
system (21).  The vector was designed with autoregulatory expression of the 
rtTA protein resulting in low basal expression of the protein in the absence of 
doxycycline stimulation.  Indeed, rtTA protein expression was undetectable on 
western blot of transduced cells in the absence of doxycycline (Figure 1).  
One of the major drawbacks of the original Tet-On system for in vivo 
applications was the relatively high concentration of doxycycline required for 
activation.  Our originally described vector, TREAutoR3, was modified to 
include a recently described rtTA variant derived from viral evolution(14) 
which responds to 10 ng/ml doxycycline, TREAutoR4 and is 100 times more 
sensitive to doxycycline than the originally described rtTA.   
 
In both early and late and induction groups we observed a similar pattern of 
an initial increase in hematocrit two weeks following doxycycline treatment 
followed by a reduction in hematocrit levels at four weeks on doxycycline 
(Figure 2B).  Given that the estimated life span of Wistar rat erthrocytes is 59 
days (23), this suggests that some time immediately following doxycycline 
administration there is a rapid loss in exogenously expressed Epo.  As the 
kinetics are too rapid to be explained by gene silencing, the most likely 
explanation is an immune mounted response against the transduced muscle 
cells.   
 
Interestingly, only one animal in the late induction group was capable of 
undergoing multiple inductions (Figure 2C), while the other animals were not 
responsive to a second round of doxycycline stimulation (Figure 2B).  
Whether this was a consequence of the late induction is unclear and will 
require further investigations.  Even though this animal was capable of 
repeated inductions, each successive induction produced a smaller increase 
in hematocrit and required less time for recovery to baseline hematocrit 
(Figure 2C) suggesting that there was a gradual loss in viral transduced cells 
over time.  No difference was observed in the development of antibodies 
against rtTA between non-responders, early induction, and late induction 
groups at ten weeks following virus injection (Table 1).  This suggests that 
delaying induction has no benefit for the prevention of a humoral immune 
response.   
 
The Danger Model presented by Matzinger states that antigen presenting 
cells (APC) require activation by “danger signals” usually released from 
distressed or injured cells to activate an immune response(18;19).  APC that 
present an antigen to T helper cells in the absence of activation will result in 
either elimination or anergization of the respective T cells.  A strong immune 
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response was observed following intramuscular injected lentiviral vector 
expressing the GFP protein from the PGK promoter.  Muscle harvested one 
week following vector injection showed sporadic expression of GFP that was 
accompanied by massive infiltration of immune cells (Figure 3A and B).  No 
GFP positive cells or areas of infiltrating immune cells were detected in an 
animal sacrificed two weeks following vector injection (data not shown), 
further suggesting a rapid clearance of GFP expressing muscle cells.  These 
data show that rats have a vigorous immune response to lentiviral vectors 
expressing GFP from a ubiquitous promoter and might be a better animal 
model for pre clinical gene therapy studies than the commonly used murine 
lines.   
 
Several factors, including contaminants from the concentration of viral 
preparation (24) and efficient transduction of professional antigen presenting 
cells (APC) (25;26), may play a role in the short term expression observed 
following IM injection of lentiviral vectors.   Introduction of muscle specific 
promoters have been shown to improve long term in expression following 
adenoviral (27) and AAV (28) IM injections in mice and a muscle specific 
promoter driving expression of rtTA was required to obtain long term 
regulation using an adenoviral vector (29).  Together this suggests that gene 
transfer to resident macrophages and dendritic cells within the muscle and 
subsequent expression and presentation of the transgene may be a critical 
factor in the initiation of an immune response.   The introduction of a tissue 
specific promoter to drive expression of rtTA4 is possible, but would lead to a 
loss in autoregulatory expression 
 
We investigated whether low basal expression of rtTA obtained in the un-
induced state would be sufficient to prevent antigen presentation during the 
danger period following vector administration.  Indeed, this was partially 
realized by the persistence of virally transduced cells for six weeks without 
being cleared by the immune system (Figure 2B).   Autoregulatory expression 
of rtTA results in high expression levels of the protein within transduced cells 
and can lead to a distressed state (21;30;31), providing a new danger signal 
for activation of previously anergized T cells (20).  Future studies in an 
immunodeficient animal model are required to assess if there is any toxicity 
from autoregulatory expression of rtTA and if this has any contribution to the 
short-term regulation observed.  Further, immunological studies are required 
to determine if there is a CTL response mediated against rtTA expressing 
cells.   
 
In summary we have shown that the low basal level of rtTA expressed in our 
autoregulatory vector is not sufficient for introducing a state of tolerance 
leading to long-term regulated gene expression.  Further modifications are 
required to translate this system for clinical applications. 
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Materials and Methods 
 
Plasmid construction 
An expression plasmid containing the rtTA variant V16 (V9I F67S R171K), 
rtTA4, was digested with XbaI and XmaI and subcloned into a XbaI and XmaI 
digest of pRRLcpptMCSIRESrtTA3LTRTetO to make 
pRRLcpptMCSIRESrtTA4LTRTetO and was verified by sequencing.  An 
expression plasmid for d2eGFP and pRRLcpptMCSIRESrtTA4LTRTetO were 
digested with BamHI and EcoRI and the resulting d2eGFP fragment was 
cloned into pRRLcpptMCSIRESrtTA4LTRTetO to make 
pRRLcpptd2eGFPIRESrtTA4LTRTetO.  A BamHI and EcoRV digest was 
performed to liberate a fragment containing d2eGFPIRESrtTA4 and was 
subcloned into a BamHI and EcoRV digest of pBSK to make pBSK 
d2eGFPIRESrtTA4.  An AgeI and XhoI digest was performed on pBSK 
d2eGFPIRESrtTA4 and TREAutoR3 and the new fragment 
d2eGFPIRESrtTA4 was cloned into the TREAutoR3 backbone to make 
TREAutoR4.  The gene coding for rat erythropoietin was recovered by an 
EcoRI digest of the pRRLcpptCMVEpo plasmid cloned into the backbone of 
an EcoRI digest of TREAutoR4 to make TREAutoR4rEPO. 
 
Cell lines and culturing 
The following cell lines were used in this study:  Human embryonic kidney 
(HEK) 293T, HeLa, and H9c2 rat DB1X heart myoblast.  HEK 293T and H9c2 
cells were cultured in standard DMEM supplemented with 10% fetal bovine 
serum, 100 U/ml penicillin, 100µg/ml streptomycin, 2mM glutamine at 37º C in 
10% CO2. 
 
Lentiviral vector preparation 
Lentiviral vectors were produced as previously reported (32).  Briefly, HEK 
293T cells were transiently transfected by calcium phosphate precipetation 
using a third generation lentiviral vector system (33;34).  Twenty-four hours 
following transfection, fresh media was added supplemented with 25mM 
HEPES buffer pH 7.4.  Virus containing supernatent was harvested 48 and 72 
hours following transfected, filtered through 0.45 µm Millipore filters and 
concentrated by ultra centrifugation using a Beckman SW-28 rotor 20,000 
RPM for 2 hours at 4º C.  Viral pellets were resuspended in PBS, alliquoted 
and frozen at –80º C.   
 
Viral transduction 
The p24 antigen content of concentrated TREAutoR4rEpo lentivirus was 
determined using a commercial ELISA kit from Perkin Elmer (NEK050A).  
H9C2 cells were seeded out at 1x105 per well and were transduced for four 
hours in the presence of 10 µg/ml DEAE Dextran.  Gene expression was 
induced by the addition of 10 ng/ml doxycycline (Sigma).  Epo secretion into 
media was determined using a commercial ELISA kit from R&D Systems 
(DEP00).  Viral titers of LVpgkGFP were determined by serial dilution on 
HeLa cells.  GFP expression in transduced HeLa cells was determined by 
flow cytometry 72 hours following transduction. 
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Intramuscular injection of TREAutoR4rEPO and LVpgkGFP 
Male Wistar rats weighing approximately 300g were anesthetized by 
isofluorane gas inhalation.  The right hind leg was injected with a total of 100 
µl of TREAutoR4rEPO virus (0.4 µg p24) or 100 µl of LVpgkGFP (1x107 HeLa 
transducing units) in three separate injections.  All animal experiments were 
performed in accordance with the Animal Ethical Committee guidelines at the 
Academic Medical Center of Amsterdam. 
 
Doxycycline administration, blood collection, and analysis 
Drinking water was prepared containing 200 ug/ml doxycycline 1% sucrose 
pH 6.0.  Blood was collected every two weeks via the tail vein under 
isofluorane gas anaesthesia.  Hematocrit levels were determined using a 
glass capillary following standard protocols.  Plasma was frozen at -20º C for 
determining rtTA antibody titers.   
 
ELISA for rat antibodies to rtTA 
 
RtTA was expressed in 293T cells by calcium phosphate coprecipitation.   
Expression of rtTA was confirmed by western blotting.  ELISA plates (Nunc) 
were coated overnight with 5ug cellular lysate (rtTA or control) per well in 
50mM carbonate buffer pH 9.6.  The wells were blocked with 1% gelatine in 
PBS, washed and incubated with serial dilutions of rat plasmid collected at 2, 
6, and 10 weeks following virus injection.  After washing, rat immunoglobins 
were detected with anti-rat IgG peroxidase (Nordic) and o-phenylenediamine 
tablets (Sigma). 
 
ELISA’s were always performed in duplicate with the same samples applied to 
rtTA and control (293T cell lysate).  To correct for aspecific binding the 
absorbance of the control plate was subtracted from rtTA coated plate. 
 
Immunostaining 
In vivo formaldehyde fixed and sucrose embedded muscle tissue was snap 
frozen in liquid nitrogen.  Sections of 7µm were prepared and kept at -20º C 
prior to use.  Sections were allowed to equilibrate at room temperature and 
washed three times in PBS for 5 minutes each.  Subsequently sections were 
incubated for hour with a 1:100 dilution of mouse anti rat CD45 (MCA43R 
AbD Serotec) in PBS / 0.05% Tween-20 / 5% Normal goat serum / 5% Rat 
plasma.  Then sections were washed three times, five minutes each in PBS / 
0.05% Tween-20.  A 1:500 dilution of goat anti mouse IgG Alexa 594 in PBS / 
0.05% Tween-20 / 5% Normal goat serum / 5% Rat plasma was performed for 
one hour followed by three wash steps in PBS five minutes each.  Sections 
were mounted with Vectashield with DAPI (Vector laboratories H-1200).  
Images were captured at (200x) magnification using a fluorescent microscope 
(Leica DMRA2). 
 
SDS-PAGE and Western blotting 
H9c2 cell lysates were separated on 10% SDS-PAGE and blotted onto 
nitrocellulose using the Bio-Rad Miniprotean III system.  An antibody directed 
against the rtTA (TET02 MoBiTec) was used at a 1:1000 dilution.  An antibody 
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directed against actin was purchased from NeoMarkers (Ab-5) at a dilution of 
1:1000.  A 1:1000 dilution of goat anti mouse HRP (Bio-Rad 170-6516) was 
used as the secondary antibody.  Detection of reactive bands on western blot 
was performed using the Lumi-Light Western Blot Substrate (Roche 12 015 
200 001) and blots were analyzed using a Lumi Imager F1 and Lumi Analyst 
3.1 software (Roche).   
 
Statistical analysis 
Statistical analysis was performed using SPSS 11.0 software using the Mann-
Whitney U test.  Values were determined to be significantly different with p < 
0.05. 
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Summary and Discussion: 
 
Lentiviral vector are capable of efficient gene transfer to non-dividing cells with 
long-term expression.  Thus, these vectors are ideally suited for gene delivery 
to quiescent hepatocytes for the permanent correction of inherited liver 
disorders.  Isolated primary hepatocytes are indeed efficiently transduced in 
vitro by these vectors(32;35).  However, in vivo administration of lentiviral 
vectors resulted in poor gene transfer to hepatocytes, with liver non-
parenchymal being the predominant cell type transduced(36;37).   
 
Because the liver non-parenchymal cells are preferentially transduced, in 
chapter 2 we examined the effect of selective disruption of the liver sinusoidal 
endothelial cells (LSEC) or depletion of Kupffer cells, on gene transfer to 
hepatocytes.  The LSEC line the capillary beds of the liver and contain 
fenestrae of approximately 100-175 nm in diameter and allow for the dynamic 
exchange of compounds between blood and hepatocytes(38).  Since the 
diameter of the fenestrae is quite similar to that of a lentiviral vector particle, it 
was postulated that these fenestrae may act as sieve preventing the efficient 
diffusion of viral particles to the underlying heptocytes.  In support of this, it 
was shown that the high gene transfer efficiency to hepatocytes obtained by 
hydrodynamic injection of plasmids is mediated through transient dilation of 
fenestrae (39).  We showed that transient disruption of LSEC did not lead to 
improved hepatocyte gene transfer.  Kupffer cells, which are resident liver 
macrophages, act as scavengers, clearing the blood of pathogens, including 
viruses, and waste material.  Transient depletion of Kupffer cells prior to 
lentiviral vector injection leads to a significant increase in gene transfer to 
hepatocytes.   
 
Our results extend upon a previously described nonlinear dose response of 
transduction in the liver with adenoviral vectors(40).  Tao et al. show that the 
sequestering of adenoviral particles by Kupffer cells is a saturable process 
and that either pre-treatment with a “decoy” virus or depletion of Kupffer cells 
prior to gene transfer results in improved hepatocyte gene transfer(40).  We 
show that Kupffer cells also efficiently sequester lentiviral vector particles and 
at non-saturating viral doses prevent efficient hepatocyte gene transfer.   The 
potential for adverse reactions from a high dose of viral particles(41) and 
practical limitations on the production of high titer lentiviral vectors for 
systemic injection in humans (5 x 108 TU/mL for a 30g mouse would scale up 
to 1 x 1012  TU/mL for a 60kg human), requires strategies to minimize the 
amount of virus required for a therapeutic effect.   The mild transient liver 
toxicity observed in mice following Kupffer cell depletion make this a relatively 
safe and effective approach for both enhancing hepatocyte gene transfer and 
reducing the amount of virus required to obtain a therapeutic effect.   
 
To further improve hepatocyte directed gene transfer we explored other 
heterologous viral envelope proteins for pseudotyping our lentiviral 
vectors(42).  Of particular interest was GP64, the viral envelope from the 
AcMNPV baculovirus.  Baculoviral vectors were described as having a high 
affinity for hepatocytes (43), suggesting that there may be an interaction 
between GP64 and a hepatocyte specific receptor.  Kumar et al. first 
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demonstrated that the GP64 envelope protein efficiently pseudotypes lentiviral 
vectors and the resulting vectors displayed similar properties to VSVg, broad 
tropism and stability, while displaying reduced toxicity(44).  When GP64 
pseudotyped lentiviral vectors were tested in vivo, we (chapter 3) and others 
(45) did not observe preferential gene transfer to parenchymal liver cells.  
Although there is a report of hepatocyte specific gene transfer using a GP64 
pseudotyped feline immunodeficient virus (FIV) lentiviral vector (46), 
differences in viral vector system, virus administration and transgene marker 
may in part contribute to their findings. 
 
The Sendai virus fusion envelope protein (SV-F) was shown to bind to the 
hepatocyte specific asialoglycoprotein receptor (ASGPr) in a temperature 
sensitive mutant lacking the haemagglutinin-neuraminidase (HN) envelope 
protein(47).  The SV-F protein can be used for pseudotyping lentiviral vectors 
but, the resulting vectors were highly unstable and could not be concentrated 
to high titers required for in vivo use(48).  In our hands, we were unable to 
produce lentiviral vectors at comparable titers to those reported by Kowolik 
and Yee (48).  Although the SV-F envelope protein provided the desired 
specificity of hepatocyte directed gene transfer, the physical properties of this 
envelope protein precluded its use in a lentiviral vector system. 
 
We were unable to identify a heterologous viral envelope protein with 
restricted tropism to hepatocytes that allowed generation of high titer virus.  
Therefore, we investigated if we could enhance the affinity of lentiviral vectors 
to hepatocytes by modification of the GP64 envelope protein.  Considerable 
effort has been put into the surface-engineering of retroviral and lentiviral 
vector particles for targeted gene delivery(49-51), but efficient targeting is 
often accompanied by a significant loss in viral titers.  The GP64 envelope 
protein has been used for the surface display of small peptides(52) and 
functional protein domains, including the gp120 envelope protein from HIV-
1(53) and the decay accelerating factor protein (DAF)(54).   
 
In chapter 3, we created a chimeric envelope protein by fusing the external 
domain of the SV-F protein, F2, to the amino terminus of GP64.  Sendai-GP64 
pseudotyped lentiviral vectors displayed high affinity for HepG2 cells, a 
hepatocyte derived cell line, but generated low viral titers.  Co-expression of 
wtGP64 with Sendai-GP64 during virus production resulted in improved viral 
titers while retaining an affinity for HepG2 cells.  Intraportal injection of 
GP64/Sendai-GP64 pseudotyped lentiviral vectors in mice resulted in a 
significant reduction in gene transfer to liver non-parenchymal cells, but no 
increase in hepatocyte gene transfer as compared with wtGP64 pseudotyped 
lentiviral vectors.  The Sendai-GP64 chimeric protein, created by ablation of 
the GP64 signal sequence (deletion of the first 25 amino acids), was not 
detectable on western blot.  This was surprising as the rest of the GP64 
coding sequence, including the epitope recognized by the GP64 antibody, 
was unaltered.  To address this, we created a new chimeric protein, Sendai-
spGP64, that retained the native GP64 signal sequence.   The Sendai-
spGP64 protein was detectable on western blot, but expression levels were 
extremely low.  Sendai-spGP64 pseudotyped lentiviral vectors displayed an 
increased affinity for HepG2 cells, albeit lower than that of the Sendai-GP64 
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chimeric envelope protein.  However, in vivo evaluation of Sendai-
spGP64/GP64 pseudotyped lentiviral vectors showed reduced gene transfer 
to both hepatocytes and liver non-parenchymal cells as compared to GP64 
alone.   
 
To determine if the ASGPr was used for cell binding we co-incubated HepG2 
cells with two different competitive ligands, GalNAc and asialofeutin, prior to 
adding virus.  No inhibition of gene transfer was observed, suggesting that 
Sendai-GP64 lentiviral vectors utilize an alternative receptor that may be 
highly expressed on hepatocytes.  In contrast to previously described chimeric 
GP64 fusion proteins(53;54), our Sendai-spGP64 protein was expressed at 
very low levels and may in part explain the reduction in viral titers.  We could 
not directly detect expression of Sendai-GP64, but indirectly we show that it is 
expressed and incorporated into viral particles because viral particles 
produced without a viral envelope are not capable of gene transfer.   
 
Although we did not obtain the targeted gene transfer to hepatocytes with 
either Sendai-GP64 or Sendai-spGP64, it is clear that this approach is 
feasible.  The introduction of interdomain spacers(55) may aid to improve 
folding and expression of chimeric GP64 proteins.  Additionally there are other 
candidate proteins such as envelope proteins of hepatititis B virus (HBV) 
PreS1, hepatititis C virus (HCV) E1 and E2, and Plasmodium falciparum 
circumsporozoite (CS) protein(56;57) with a native tropism for hepatocytes.  
Indeed a CS-GP64 fusion protein was created for immunization of rodents 
using a baculoviral vector and displayed a 12 fold increase in binding activity 
to HepG2 cells (58).   
 
In chapter 4 we used the GP64 envelope protein for the surface display of a 
liver specific peptide from the HBV PreS1 protein.  A 27 amino acid peptide, 
shown to bind an unidentified hepatocyte specific receptor(59) was introduced 
at amino acid position 278 of the GP64 envelope protein.  The resulting 
chimeric envelope protein, PreS1-GP64, was shown to be expressed and 
incorporated into viral particles with surface display of the PreS1 peptide.  In 
vitro evaluation on a panel of cell lines showed preferential gene transfer to 
liver derived cell lines, including primary fetal human hepatocytes.  Gene 
transfer of PreS1-GP64 pseudotyped lentiviral vectors was inhibited by co-
incubation with antibody directed against the PreS1 peptide suggesting that 
the unidentified receptor was involved in viral particle binding.  Interestingly, 
PreS1-GP64 pseudotyped lentiviral vectors were not capable of gene transfer 
to HeLa cells.  This suggests that the introduction of the PreS1 peptide may 
alter the structure of the GP64 envelope protein, particularly those domains 
involved in binding its native receptors.  Interaction of the PreS1 peptide and 
its receptor can complement this loss in native binding leading to preferential 
gene to liver derived cell lines.    
 
Unfortunately, viral titers with PreS1-GP64 were 100 fold lower than that 
obtained with wtGP64.   Peptide insertions ranging from 6 to 12 amino acids 
were previously reported resulting in a 5 fold reduction in baculorviral 
titers(52;60).  Although the GP64 envelope protein has been shown to be 
flexible for the display of inserted peptides, insertion of a 27 amino acid 
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peptide may place structural constraints on protein folding.   Therefore, future 
designs should include glycine spacers on both ends of the peptide insert to 
reduce any potential strain.   The flexibility of this approach allows for the 
screening of a complex library of peptides for preferential gene transfer to the 
desired target cell. 
       
Recently, Brown et al. identified an IFNαβ dependent block on efficient 
lentiviral vector gene transfer to hepatocytes(61).  Using an IFNαβ receptor 
knockout mouse, they demonstrated highly efficient and long-term gene 
transfer to hepatocytes (> 30% hepatocytes transduced).  The activation of 
the IFNαβ response was shown to be dependent on cell entry, as lentiviral 
vectors produced without an envelope protein did not induce IFNαβ 
expression.  Following systemic delivery, dendritic cells and Kupffer cells are 
first exposed to lentiviral particles and subsequent IFNαβ secretion by these 
cells may prime hepatocytes into an antiviral state.  Assuming that activation 
of the IFNαβ response is dependent on transduction and not transgene 
expression, the use of liver specific promoters will not be sufficient to prevent 
activation.  Therefore this underscores the importance of strategies for 
targeted gene transfer to hepatoyctes as outlined in chapters 3 or 4 for 
improving hepatocyte gene transfer. 
 
Gene expression is often a dynamic process with expression levels regulated 
by a complex interaction of endogenous and exogenous signals.  An ideal 
gene therapy vector would contain the endogenous promoter and enhancer 
elements specific for the therapeutic gene to ensure physiologically regulated 
expression.  Unfortunately, many of the promoters and enhancers are too 
large to fit into a gene therapy vector.  Because gene transfer efficiency is low, 
strong ubiquitous constitutively active promoters are often used to drive 
expression of the therapeutic gene.  This usually results in super-physiological 
expression of the therapeutic gene which may be harmful to the target cell.  
This is underscored by four reported adverse events in a retroviral vector 
gene therapy trial for X-linked severe combined immunodeficiency disease 
(SCID-X1).  Each of these patients have developed a leukemia in which three 
have been related to a clonal expansion of a proviral insertion near the 
oncogenic LMO2 gene(62).  In these three cases there is strong evidence 
supporting a cooperative transformation between the over-expression of the 
therapeutic gene IL2RG and activation of LMO2 expression by insertional 
mutagenesis.  Although speculative, the ability to regulate the expression of 
IL2RG would have provided an additional safety barrier to prevent complete 
transformation.   Interestingly, another gene therapy trial using a similar 
transgene cassette pseudotyped with the gibbon ape leukemia virus envelope 
(GALV) has not reported any cases of leukemia(63).   
 
Because lentiviral vectors are capable of long-term gene expression, safe and 
efficacious gene transfer will require regulated expression of the therapeutic 
gene(1).  In chapter 5 we incorporated the well characterized tetracycline 
inducible regulatory system into a single lentiviral vector.  Using the Tet-On 
system, where gene expression is induced by administration of doxycycline, a 
tetracycline derivative, we compared two vector systems in which the 
doxycycline responsive transcriptional activator rtTA was either constitutively 
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expressed (TRECMVR2) or expressed by an autoregulatory loop 
(TREAutoR2).  The TREAutoR2 vector had reduced basal expression and 
higher levels of induced expression as compared to TRECMVR2 on a panel of 
human cell lines.   Importantly, with the TREAutoR2 vector we were unable to 
detect expression of the rtTA protein in the absence of doxycycline.  
Substituting rtTA, with a novel rtTA variant(13) (TREAutoR3) resulted in an 
inducible autoregulatory lentiviral vector with improved doxycycline sensitivity.  
Previous reports of autoregulatory expression of with the Tet-Off system, 
reported cytotoxicity due to extremely high levels of tTA protein(30;31).  To 
prevent extremely high levels of rtTA expression we placed rtTA downstream 
of an IRES element to produce a bi-cistronic transcript expressing both our 
marker gene and rtTA(64).   
 
The immunogenicity of the rtTA protein has been a practical barrier to 
translating this system for in vivo use(15-17).  Despite these reports, rtTA is 
often expressed using a strong constitutive promoter.   The administration of a 
gene therapy vector is likely to increase an immune response to viral 
transgenes because the injection itself and the presence of large amounts of 
viral capsid proteins induce, so called “danger signals”, which trigger an innate 
immune response and recruit inflammatory cells to the injection site(20). In 
our autoregulatory vector system we are able to temporally separate the 
injection of virus and the expression of the therapeutic gene and rtTA 
transactivator. In chapter 6 we investigated whether induction of transgene 
expression after disappearance of danger signals would lead to tolerance to 
rtTA. 
 
Wistar rats were injected in the hind leg muscle with an autoregulatory rat Epo 
expression vector and induced after two or six weeks. After administration of 
doxycycline in the drinking water, rats in the early (n=7) and late (n=5) groups 
responded with a significant increase in hematocrit.  However, most rats 
responded only to a single round of doxycycline induction. One rat in the late 
induction group went through three induction cycles. Circulating antibodies 
directed against rtTA were detected, irrespective of early or late induction.  
Our data suggests that an immune response directed against transduced 
muscle cells is responsible for the rapid loss in Epo expression. Therefore, 
even when the danger signals from a viral injection have disappeared, 
expression of this foreign protein will lead to an immune response.   
 
Immune responses directed against the therapeutic gene and chimeric 
transcriptional activators, such as rtTA, pose one the greatest challenges for 
long-term gene therapy(65).  Pseudotyping with the commonly used VSVg 
envelope protein results in lentiviral vectors with a broad tropism which can 
efficiently transduce antigen presenting cells (APC) in vivo and induce an 
immune response (25;26).   Although it has been shown that tissue specific 
promoters can lead to long-term expression, neutralizing antibodies and 
immune mediated clearance can still occur(66).  Therefore, novel strategies 
are needed to prevent immune mediated clearance of transduced cells.   
Brown et al. report a novel use of endogenous microRNA (miRNA) regulation 
to suppress transgene expression in hematopoietic lineages and demonstrate 
long-term expression in murine livers (67).   Incorporation of the target 
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sequence to a highly expressed and specific hematopoietic miRNA resulted in 
no expression in hematopoietic cells, and long-term gene expression in 
hepatocytes following systemic viral injection in mice.  Such a target sequence 
can be readily incorporated into our autoregulatory vector without 
compromising vector function.  In another novel approach Osservoort et al. 
report the use of proteosomal inhibitor protein sequence from the Ebstein-Barr 
virus (EBV) EBNA-1 protein as a cis acting element for the prevention of 
antigen presentation (68).  Fusion of this inhibitory element to the rtTA protein 
would prevent proteasomal degradation which is required for generating the 
small peptides used for antigen display.   
 
The report of insertional mutagenesis leading to leukaemia in a retroviral 
vector mediated clinical trial for SCID-X1 has prompted an extensive 
evaluation of integration profile of gammaretroviral and lentiviral vectors in 
human cells (69;70).  The failure of pre-clinical animal models to predict such 
events has also led to more sensitive animal models that can better predict 
long-term effects of retroviral gene transfer (71).  Both suggest that lentiviral 
vectors have a lower risk for insertional mutagenesis.  Since lentiviral vectors 
can efficiently transduce hematopoietic stem cells with minimal manipulations, 
they may offer a better safety profile to the commonly used gammaretroviral 
vectors.  Results from the first approved clinical trial using lentiviral vectors 
are so far encouraging (72) and may pave the way for future trials.         
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Lentivirale vectoren voor leverspecifieke en gereguleerde expressie. 
 
Gentherapie is het behandelen van ziektes door therapeutische genen. De 
meest efficiente wijze om een therapeutisch gen over te brengen is gebruik te 
maken van de machinerie die virussen bezitten om hun genetisch materiaal in 
een gastheercel te brengen, dit noemen we een virale vector. Een dergelijke 
virale vector kan gebruikt worden voor het overbrengen van therapeutische 
genen zonder de ziekmakende eigenschappen van het uitgangsvirus. 
 
Lentivirale vectoren zijn gebaseerd op het humaan immunodeficiency virus 
(HIV). HIV is een retrovirus, het virale genoom nestelt zich permanent in het 
DNA van de gastheercel. Met lentivirale vectoren is het dus mogelijk 
therapeutische genen over te brengen die permanent in het genoom van de 
gecorrigeerde cellen aanwezig blijven. Omdat lentivirale vectoren hun 
therapeutische lading kunnen afleveren in normale levercellen zijn ze ideaal 
voor het ontwikkelen van gentherapie voor erfelijke leverziekten. 
 
De lever is opgebouwd uit een aantal verschillende celtypen, macrofagen 
(Kupffercellen) die ongewenste indringers zoals virussen en bacteriën 
opruimen, endotheelcellen, die een barriere vormen tussen het bloed en de 
hepatocyten. De hepatocyten zijn de werkpaarden van de lever, zij verzorgen 
een groot deel van de leverfuncties; ontgifting, vetverwerking en productie van 
eiwitten. Voor het genezen van erfelijke leverziekten is het dan ook belangrijk 
dat juist dit type levercel gecorrigeerd wordt door de virale vector. 
 
In hoofdstuk 2 beschrijven we dat Kupffercellen een obstakel vormen bij 
lentivirale gentherapie voor leverziekten. De Kupffercellen vangen bijna 90% 
van alle lentivirale viruspartikels op voordat ze de hepatocyten bereiken. De 
oplossing is het verwijderen van de Kupffercellen uit de lever, door deze 
behandeling kunnen we de lentivirale levergentransfer verbeteren. 
De binding van een virale vector aan de targetcel wordt verzorgd door het 
envelopeiwit. Voor lentivirale vectoren gebruiken we een envelopeiwit dat aan 
bijna alle celtypen kan binden. Meer specifieke gentransfer naar hepatocyten 
kan worden bewerkstelligd met een envelopeiwit dat alleen aan deze cellen 
bindt. Het probleem is dat envelopeiwitten van leverspecifieke virussen niet 
gebruikt kunnen worden om lentivirale vectoren te maken. 
De oplossing die wij beschrijven is een fusie tussen een voor lentivirale 
vectoren geschikt envelopeiwit en een ander envelopeiwit dat goed kan 
binden aan hepatocyten. Het envelopeiwit van het insectenvirus Autographa 
californica (GP64) kan gebruikt worden in lentivirale vectoren en heeft als 
voordeel dat je er een fusie met andere eiwitten mee kunt maken zonder dat 
het zijn functie verliest. Op deze wijze konden we delen van envelopeiwitten 
van leverspecifieke virussen in lentivirale vectoren inbouwen.  
 
In hoofdstuk 3 worden lentivirale vectoren beschreven met een fusie van 
GP64 en het envelopeiwit van het Sendaivirus. In dit hoofdstuk wordt 
aangetoond dat zowel in celkweek als in muizen deze vectoren veel beter 
genen overbrengen naar hepatocyten dan naar macrofagen.  
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In hoofdstuk 4 beschrijven we een lentivirale vector met een GP64 
envelopeiwit waarin een stuk van het hepatitis B virus envelopeiwit is 
verwerkt. Dit fusie eiwit is in celkweek beter voor de gentransfer naar 
hepatocyten dan naar een groot aantal cellijnen afkomstig van andere 
organen. 
 
Hoofdstukken 3 en 4 tonen aan dat het GP64 envelopeiwit als platform voor 
het maken van lever specifieke vectoren  gebruikt kan worden. Een probleem 
is daarbij nog wel dat de hoeveelheid virusdeeltjes die geproduceerd wordt 
laag is. Ook begrijpen we nog niet precies hoe de veranderde vectoren aan 
levercellen binden. 
 
Voor het welslagen van gentherapie in patiënten is het ook van belang dat het 
therapeutische gen gereguleerd kan worden, d.w.z. dat er meer of minder 
eiwit door het gen kan worden geproduceerd, zoals dat ook het geval is met 
normale genen. In hoofdstuk 5 en 6 beschrijven we een lentivirale vector die 
we aan en uit kunnen zetten door het antibioticum doxycycline toe te dienen. 
De aan- en uit schakelaar werkt doordat we een eiwit gebruiken (rtTA) dat 
doxycycline kan binden. Alleen wanneer doxycycline aan rtTA gebonden is 
kan dit complex het therapeutische gen aanzetten. In hoofdstuk 5 
beschrijven we een nieuwe manier om een dergelijke schakelaar te maken. 
De therapeutische en rtTA genen worden beiden tegelijk aangezet door 
doxycycline. Het voordeel van deze zelfregulerende vector is dat zonder 
doxycycline zeer weinig rtTA en therapeutisch genproduct aanwezig is. 
 
Hoofdstuk 6 beschrijft de toepassing van de nieuwe reguleerbare vector in 
een diermodel. Het eiwithormoon erytropoëtine (Epo) zorgt voor de aanmaak 
van rode bloedlichaampjes. Omdat Epo in de nier wordt aangemaakt krijgen 
patiënten met nierfalen bloedarmoede, door Epo toe te dienen kan deze 
bloedarmoede worden verminderd. Het is echter wel belangrijk dat de 
hoeveelheid Epo goed gereguleerd wordt, teveel Epo leidt tot te grote 
hoeveelheden rode bloedlichaampjes, wat ernstige problemen kan 
veroorzaken. 
 
We hebben ratten geïnjecteerd met een doxycycline reguleerbare lentivirale 
Epo vector zoals beschreven in hoofdstuk 5. Ratten die zijn ingespoten met 
deze vector reageren op doxycycline toediening door meer rode 
bloedlichaampjes aan te maken. Helaas was dit effect maar kortdurend. In de 
meeste ratten konden we maar 1 cyclus van verhoogde rode 
bloedlichaampjes bewerkstelligen. 
 
Omdat rtTA lichaamsvreemd is zullen ratten een immuunrespons tegen dit 
eiwit ontwikkelen wanneer er een doxycycline reguleerbare lentivirale vector 
wordt ingespoten. Onze zelfregulerende vector maakt echter een zeer lage 
hoeveelheid rtTA zonder doxycycline en we hadden dan ook verwacht dat 
deze nieuwe vector een minder sterke immuunrespons zou veroorzaken maar 
dat bleek niet het geval. 
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Abbreviations 
 
AAV  Adeno Assoicated Virus 
AcMNPV Autographica Californica multicapsid nucelear polyhedrosis virus 
ALV  Avian Leukemia Virus 
APC  Antigen Presenting Cells 
ASGPr Asialoglycoprotein receptor 
CMV  Cytomegalovirus 
cPPT  central Polypurine Tract 
CTL  Cytotoxic T-Lymphocyte 
DNA  Deoxyribonucleic Acid 
Epo  Erythropoietin 
FIV  Feline Immunodeficiency Virus 
GFP  Green Fluorescent Protein 
HBV  Hepatitis B virus 
HIV-1  Human Immunodeficiency Virus Type 1 
HSV  Herpes simplex virus 
LSEC  Liver Sinusodial Endothelial Cells 
LTR  Long terminal repeat 
LV  Lentiviral vector(s) 
miRNA micro RNA 
MLV  Murine Leukemia Virus 
OLT  Orthotopic liver transplantation 
OTC  Ornithine transcarbamylase 
PBS  Phosphate Buffered Saline 
PCR  Polymerase Chain Reaction 
PGK  Phosphoglycerate kinase 
PRE  post-transcriptional regulatory element 
RNA  Ribonucleic Acid 
RRE  Rev Response Element 
RRV  Ross River Virus 
RSV  Rous Sarcoma Virus 
rtTA  reverse tetracycline transcriptional activator 
SCID  Severe Combined Immunodeficiency Disorder 
SIN  self inactivating 
SV-F  Sendai Virus Fusion protein 
TetO  Tetracycline operator 
TetR  Tetracycline repressor protein 
TRE  Tetracycline responsive element 
tTA  tetracycline transcriptional activator 
VSVg  Vesicular Stomatitis Virus glycoprotein 



 

114 



Dankwoord 

 115

Well it is hard to believe that it has been almost 5 years since I first came to 
the ALC.  My first days, in early December 2002, were marked by an 
unexpected visit by a jolly man dressed in red with the name Sinterklaas, 
whose name sounded strangely familiar to a Santa Claus that I knew when I 
was younger.  And the gifts that he gave, well I think it would certainly make 
Santa blush.  Along with Sinterklaas were his Zwarte Pieten helpers throwing 
hard round projectiles at me (ok cookies if you want to be specific).  I 
remember thinking these are the people I will be spending the next four years 
of my life with, God help me!  Although I felt as an outsider those first few 
weeks, as I got to know people better I felt that in the end I had integrated 
(lentiviral vector joke) into the ALC group.  Therefore I would like to give a 
general thanks to everyone at the ALC for their help both professional and 
personal.   
 
Firstly I would like to thank my thesis committee which seemed to come into 
existence in such a short time and for allowing me to quickly set a defense 
date.   
 
My promotor, Ronald I would like to thank you for giving me the chance to 
work at the ALC.  Additionally your input in experiment design and reviewing 
manuscripts and this thesis were invaluable.   
 
Jurgen, my co-promotor, supervisor, and teacher, thank you for giving me the 
opportunity to perform this research work, your support, and your help with 
everything from experiments to writing, including translation of my summary 
into Dutch, and your patience.  You have taught me so much.   
 
The Anatomy and Embryology group (S2):  Wout, Theo, Ingrid, Jacqueline, 
Wil, and Jan.  Although we had minimal contact outside of meetings I would 
like to thank you for your assistance with the microscope, histology, and 
comments and suggestions.   
“Jacqueline I think that the microscope is broken again.” 
“Jan meet you downstairs for a cigarette.” 
 
Marianne, thanks for your efforts in keeping the lab running and pleasant 
conversation when I was at the lab bench.  And yes I do need 3 boxes. 
 
Mona, thanks for all your assistance with the Vreemdeling Politie and my 
thesis preparation.   
 
Derek thanks for keeping us connected to the world.  
 
Piter thanks for the work discussions and comments.  Good luck with the AAV 
trial. 
 
Coen thanks for you comments and suggestions during progress reports.  I 
enjoyed the music from your rock and roll days and I wish you further 
progress with unraveling FIC-1 
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Kam working behind the scenes making sure that we have all our essential 
lab supplies.   
 
Conny I enjoyed the pleasant talks during culturing.  It takes a lot of courage 
to start something new I hope you enjoy and have success as a massage 
therapist.     
 
Paula, Vassilis, Andy:  I enjoyed the lunches and talks.   Wish you all the best 
in your research work. 
 
Cindy and Karin thanks for all your assistance with animal experiments.   
 
Rob, Ruurdjte, Tanja, and Paul otherwise known as the BAL (Bio-artificial 
Liver) group.  Thanks for your helpful comments.  For those who have gone 
on, Tanja and Paul, good luck in whatever path you follow.   
 
Marian, John, and Nanda thanks for your efforts in trying to make a transgenic 
mouse.  Some things were just not meant to be. 
 
Pablo, my fellow stranger in a strange land.  I feel bad for dragging you into 
the house, but it was nice to have someone I knew when I was drowning in 
strangers.  I probably will not make it to your defense but I wish you luck 
wherever you end up.   
 
Job and Dineke, and Ebtisam, you are the future of the ALC.  I wish you all 
success with your experiments and the strength to go on when everything 
seems to fail.   
“Dineke did you say something, oh talking to yourself again…” 
 
Ebtisam, good luck with the project!  
 
Annemiek, good luck with your thesis defense and teaching career.  Thanks 
for the nice discussions in the AIO kamer.  I wish I could remember how I 
ended up with whipped cream on my face.  
 
Michael (van Geer), “Publish or perish”.  I wish you luck in your medical 
career. 
 
Rudi thanks for the nice talks and discussions.  Go Ajax!   Good luck with your 
thesis defense. 
 
Astrid van der Velde my lab bench neighbor across the way.  Thanks for the 
nice talks while I was filling out pipet tips.  Wish you success and happiness 
with your family. 
 
Milka and Sasha thanks for the talks and great kindness you have shown.  
Milka good luck with your thesis defense.  Sasha I wish you success with your 
fibrosis research. 
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Roos I enjoyed the singing during tissue culturing and thank you for your 
assistance with my research work.  So when are you coming back? 
 
Michael (Lie-A-Ling) no matter what was going on with you, you were always 
willing to help and listen.  I enjoyed the discussions and movies.  I wish you 
success in Manchester.      
 
Niek, what can I say, but thanks for your all help, discussions, ideas, and for 
being a good friend.  Thanks to you I can say that I tried kite surfing and skied 
in the Alps.  I enjoyed the talks during coffee breaks and in the basement.  
May you find joy with your new baby and publish in high impact journals. 
 
Johan, my great friend.  Thanks for all the hard work.  I do not think that I 
could have finished without you.  Always there with a smile and a kind word.   
 
And last but not least I would like to thank my parents, Mike and Rose, for 
giving me the chance to study abroad, the constant support and love.  Mom 
and dad, I think that I am ready to come back. 
 
For those not mentioned thanks, and sorry if you were left out.    
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