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Hepatocytes are a key target for gene therapy of in-
born errors of metabolism as well as of acquired
diseases such as liver cancer and hepatitis. Gene
transfer efficiency into hepatocytes is significantly
determined by histological and functional aspects of
liver sinusoidal cells. On the one hand, uptake of
vectors by Kupffer cells and liver sinusoidal endothe-
lial cells may limit hepatocyte transduction. On the
other hand, the presence of fenestrae in liver sinu-
soidal endothelial cells provides direct access to the
space of Disse and allows vectors to bind to receptors
on the microvillous surface of hepatocytes. Neverthe-
less, the diameter of fenestrae may restrict the pas-
sage of vectors according to their size. On the basis of
lege artis measurements of the diameter of fenestrae
in different species, we show that the diameter of
fenestrae affects the distribution of transgene DNA
between sinusoidal and parenchymal liver cells after
adenoviral transfer. The small diameter of fenestrae
in humans may underlie low efficiency of adenoviral
transfer into hepatocytes in men. The disappearance
of the unique morphological features of liver sinusoi-
dal endothelial cells in pathological conditions like
liver cirrhosis and liver cancer may further affect
gene transfer efficiency. Preclinical gene transfer
studies should consider species differences in the
structure and function of liver sinusoidal cells as
important determinants of gene transfer efficiency
into hepatocytes. (Am J Pathol 2010, 176:14–21; DOI:
10.2353/ajpath.2010.090136)

The liver is a central organ in many metabolic processes.
Numerous inherited metabolic disorders have their origin
in the liver. Therefore, hepatocytes are a key target for
gene transfer directed at correction of inborn errors of

metabolism and of hemophilia. Inborn errors of metabo-
lism may lead to accumulation of toxic products in hepa-
tocytes and extensive hepatotoxicity, as observed in dis-
orders like �1-antitrypsin deficiency, type I tyrosinemia, or
Wilson disease. In other metabolic diseases, such as in
Crigler-Najjar syndrome type I, ornithine transcarbamy-
lase deficiency, familial hypercholesterolemia, and he-
mophilia A and B, manifestations are primarily extrahe-
patic. In addition, the liver is a target for gene therapy of
acquired diseases such as liver cancer and hepatitis.

Insights into the determinants of gene transfer effi-
ciency to hepatocytes are therefore required to evaluate
the potential of gene therapy for inborn errors of metab-
olism and for acquired liver diseases. These determi-
nants include innate and adaptive immune responses,
cellular and biochemical determinants of hepatocyte
transduction such as ligand receptor interactions, and
anatomical and histological factors. In this minireview, we
focus predominantly on the role of liver sinusoidal cells
and sinusoidal fenestrae as determinants of the efficiency
in hepatocyte-directed gene transfer.

Liver Sinusoidal Cells

Histologically, the liver is divided into lobuli, hexagonal
functional units formed by hepatocytes and sinusoids
surrounding a central vein. Neighboring lobules are sur-
rounded by portal triads, consisting of branches of the
bile duct, the portal vein, and the hepatic artery. From the
hilus, continuous branching of the hepatic artery and
portal vein results in an intricate network of intertwining
capillaries called sinusoids. Sinusoidal cells, which are a
compilation of endothelial cells, Kupffer cells (resident
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liver macrophages), fat-storing cells (also called stellate
cells or Ito cells), and pit cells (natural killer cells), con-
stitute �33% of the number of resident liver cells, with
parenchymal liver cells or hepatocytes comprising the
remaining cells.1,2 Liver sinusoidal endothelial cells com-
prise 70%, Kupffer cells 20%, stellate cells 10%, and pit
cells �1% of the number of sinusoidal cells.1,2 In the
context of hepatocyte-directed gene transfer, we focus
here on the role of Kupffer cells and liver sinusoidal
endothelial cells, which together constitute the reticulo-
endothelial cells of the liver. Sinusoidal endothelial cells,
with a diameter of 7 to 9 �m2, are scavenger cells that are
able to internalize particles up to 0.23 �m under physio-
logical conditions in vivo.3 Larger particles are taken up
by Kupffer cells,3 which have a diameter of 10 to 15 �m2.
Since most gene transfer vectors have a diameter �0.23
�m, uptake of vectors by both Kupffer cells and liver
sinusoidal endothelial cells may attenuate the efficiency
of hepatocyte-directed gene transfer.

Most experimental work on the role of liver reticulo-
endothelial cells in relation to hepatocyte transduction
has been performed with adenoviral vectors. The rele-
vance of these observations for other types of vectors
and other modes of gene transfer will also be highlighted
in this minireview.

In Vitro and in Vivo Transduction by Adenoviral
Vectors

The presence of fenestrae in liver sinusoidal endothelial
cells provides direct access for vectors to the space of
Disse and to the microvillous surface of hepatocytes.
Indeed, efficient hepatocyte transduction by adenoviral
vectors requires that two clearly distinct conditions are
met. First, adenoviral vectors should be able to migrate to
the space of Disse via sufficiently large sinusoidal
fenestrae. Second, vectors in the space of Disse must be
able to bind to cellular receptors on hepatocytes for
internalization and transduction. Both anatomical access
of vectors to the space of Disse and efficient interaction
of vectors with hepatocyte receptors are necessary for
hepatocyte transduction in vivo. Before going into the
anatomical access of vectors to the space of Disse, we
will first discuss differences between adenoviral trans-
duction in vitro and transduction of hepatocytes in vivo.

Fifity-one adenovirus serotypes have been identified
that infect humans; these serotypes are classified into six
species (A–F). In vitro, uptake of most Ad serotypes be-
longing to species A, C, D, E, and F is initiated by binding
of the adenovirus fiber proteins to coxsackie and adeno-
virus receptors on the cell surface.4,5 CD46, a comple-
ment regulatory protein that is ubiquitously expressed in
humans,6 but only in the testis in mice,7 is a cellular
receptor for group B adenoviruses.6

Human species C adenovirus serotype (Ad)5 is the
most common viral vector used in clinical studies world-
wide.8 In vitro, Ad5 infects cells via fiber binding to cox-
sackie and adenovirus receptor, followed by binding of
an arginine-glycine-aspartic acid (RGD) motif on the Ad5
penton base with cellular integrins (mainly �v�3 and

�v�5), which initiates receptor-mediated endocytosis via
clathrin-coated pits.9,10 However, coxsackie and adeno-
virus receptor-binding ablation11 and �v integrin-binding
ablation11,12 do not significantly reduce liver transduction
by adenoviral vectors in vivo. In contrast, the major mech-
anism of hepatocyte transduction following adenoviral
gene transfer in vivo has been suggested to be direct
binding of Ad to hepatic heparan sulfate proteoglycans
via the KKTK motif within the fiber shaft domain.13,14

Indeed, mutation of the KKTK motif in the Ad5 fiber shaft
renders the fiber inflexible and prevents internalization of
Ad5 through steric hindrance.15,16 However, in vitro and
in vivo infectivity studies of Ad5-based vectors possess-
ing long Ad31 (species A)- or Ad41 (species F)-derived
fiber shaft domains that lack the KKTK motif have shown
that these vectors transduce hepatocytes with similar
efficiency compared with Ad5 vectors,17 consistent
with a noncritical role of the KKTK motif in hepatocyte
transduction.

An important difference between in vitro and in vivo
transduction of liver cells after i.v. injection is that adeno-
viral vectors are in contact with blood proteins in vivo.
Treatment of mice with the vitamin K antagonist warfarin,
which inactivates several proteins of the coagulation cas-
cade (factors II, VII, IX, and X) as well as the anticoagu-
lant protein C, abrogates transduction of hepatocytes by
Ad5 vectors.18–21 These studies suggested that a coag-
ulation protein or coagulation proteins have a bridging
function in the entry of liver cells by adenoviral vectors.
Indeed, only factor X can rescue liver transduction in
warfarin-anticoagulated mice.22 Recently, it has been
shown that the �-carboxyglutamic acid domain of factor X
binds in a calcium-dependent manner to hexon protein in
Ad58,22,23 and that this binding occurs at the cup formed
by the center of each hexon trimer. Moreover, Ads with a
high affinity for factor X, such as the species C serotypes
Ad2 and Ad5, have been shown to efficiently transduce
hepatocytes following i.v. administration.24,25 In contrast,
species B Ad35 and species D Ad26 either bind to factor
X weakly or not at all, and these serotypes fail to trans-
duce hepatocytes.22,26,27

More specifically, factor X binds to the adenovirus
hexon hypervariable regions. Liver infection by the factor
X-Ad5 complex is mediated through a heparin-binding
exosite in the factor X serine protease domain. Substitu-
tion of hexon hypervariable region 5 or hexon hypervari-
able region 7 from Ad5 with sequences from the nonfac-
tor X binding serotype Ad26 substantially lowered factor
X binding and liver transduction in vivo.28 In addition, an
Ad5 mutant containing an insertion in hexon hypervari-
able region 5 was shown to bind factor X in vitro with
10,000-fold reduced affinity compared with unmodified
vector and failed to deliver the red fluorescent protein
transgene in vivo.8 Taken together, factor X binding to
hexon trimer is a necessary prerequisite for hepatocyte
transduction in vivo.22

Liver Trapping of Adenoviral Vectors

Previous studies have shown that different adenoviral
serotypes are rapidly sequestered in the liver after intra-
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venous delivery, independent of their potential to effec-
tively transduce hepatocytes.26,29,30 Trapping of adeno-
viral vectors in the liver is comparable between wild-type
mice and mice treated with warfarin, which shows that
factor X-facilitated adenoviral vector entry into hepato-
cytes is not required for trapping of vectors in the liver.20

However, demonstration of liver sequestration using
whole livers does not distinguish between the presence
of vectors extracellularly (in the vascular lumen of the
sinusoids or in the space of Disse) or intracellularly (in the
nonparenchymal liver cells of the parenchymal liver
cells).

Cellular uptake of adenoviral vectors after systemic
gene transfer occurs predominantly in nonparenchymal
liver cells (ie, mainly liver sinusoidal endothelial cells and
Kupffer cells).31–34 Kupffer cells may bind adenoviral
vectors via multiple mechanisms including scavenger
receptor-A, complement, and natural antibodies.35–37 In
contrast to hepatocytes, uptake of adenoviral vectors by
Kupffer cells is independent of factor X.36,37 In addition,
interactions of adenoviral vectors with platelets in blood
may contribute significantly to sequestration in the reti-
culo-endothelial system of the liver.35 Nevertheless, the
exact mechanisms of adenoviral vector uptake in Kupffer
cells have not been elucidated. Indeed, the amount of Ad
vector DNA after i.v. administration was nearly identical in
wild-type mice and scavenger receptor-A-deficient mice,37

consistent with the presence of multiple pathways lead-
ing to Kupffer cell sequestration.36

Recently, Di Paolo et al37 showed that simultaneous
treatment of mice with warfarin and clodronate lipo-
somes, which deplete Kupffer cells, results in only a
minor reduction of sequestration of adenoviral vectors in
the liver 1 hour after gene transfer. Transmission electron
microsopy showed the presence of vectors in the space
of Disse, consistent with anatomical sequestration of vec-
tors. We suggest that the presence of fenestrae is crucial
in this anatomical targeting of adenoviral vectors. This
implies that molecular strategies directed at liver detar-
geting of adenoviral vectors should take into account the
existence of anatomical targeting to the liver.

Uptake of Gene Transfer Vectors by
Reticulo-Endothelial Cells of the Liver Reduces
Hepatocyte Transduction

Both Kupffer cells and liver sinusoidal endothelial cells
take up the large majority of adenoviral vectors after
systemic gene transfer.34 Indeed, uptake of vectors by
nonparenchymal liver cells (ie, mainly liver sinusoidal
endothelial cells and Kupffer cells) inversely correlates
with transduction of parenchymal liver cells.34 The trans-
gene DNA copy number in the nonparenchymal liver
cells at 1 hour after transfer in BALB/c mice was nearly
sixfold higher than in C57BL/6 mice.34 This difference in
scavenging of vectors between these strains is a major
determinant of the approximately threefold higher trans-
gene DNA levels in hepatocytes and higher transgene ex-
pression levels in C57BL/6 mice compared with BALB/c
mice.34 On the basis of more refined experiments with

isolation of Kupffer cells and liver sinusoidal endothelial
cells, we showed that the transgene DNA copy number
per diploid genome at 1 hour after transfer in C57BL/6
mice was 2.9-fold higher in liver sinusoidal endothelial
cells than in Kupffer cells.34 In contrast, the copy number
in Kupffer cells was 2.6-fold higher than in liver sinusoidal
endothelial cells in BALB/c mice. These data indicate that
the relative contribution of liver sinusoidal endothelial
cells and Kupffer cells to adenoviral vector clearance
may be highly dependent on the specific genetic context.

One explanation for this difference of uptake of adenovi-
ral vectors by the liver reticulo-endothelial cells of C57BL/6
and BALB/c mice may be the differential modulation of the
function of these cells by humoral factors produced by
splenocytes. Indeed, a significantly reduced transgene
DNA copy number was observed in the liver reticulo-endo-
thelial cells 1 hour after adenoviral transfer in splenecto-
mized BALB/c mice and in BALB/c rag-2�/� mice com-
pared with control BALB/c mice.34 This was accompanied
by a significantly higher transgene DNA copy number in
hepatocytes of splenectomized BALB/c mice and of
BALB/c rag-2�/� mice than in hepatocytes of wild-type
BALB/c mice.34 Splenectomy in BALB/c rag-2�/� mice did
not result in an additive effect.34 This suggests that humoral
factors produced by spleen lymphocytes may affect the
clearance of adenoviral vectors by liver reticulo-endothelial
cells in BALB/c mice. In contrast, no such effects on intra-
hepatic transgene DNA distribution were observed in sple-
nectomized C57BL/6 mice and in C57BL/6 rag-1�/� mice,
suggesting highly heterogeneous effects of humoral factors
produced by spleen lymphocytes on liver reticulo-endothe-
lial cells.

Further evidence for a major role of liver reticulo-endo-
thelial cells as a determinant of hepatocyte transduction
comes from experiments with clodronate liposomes. Deple-
tion of Kupffer cells and macrophages in the spleen by i.v.
administration of clodronate liposomes results in signifi-
cantly increased transgene DNA levels in parenchymal liver
cells34 and in increased transgene expression.33,34,38,39

Since liver sinusoidal endothelial cell function may be mod-
ified by Kupffer cells,40,41 it cannot be excluded that part of
the effect of clodronate liposomes is due to reduced acti-
vation of liver sinusoidal endothelial cells by Kupffer cells.
Besides clodronate liposomes, preadministration of poly-
inosinic acid, a scavenger receptor A ligand, before gene
transfer has been shown to prevent sequestration of adeno-
viral vectors in Kupffer cells and to enhance parenchymal
liver cell transduction.42 Transient saturation of the reticulo-
endothelial system with phosphatidylcholine liposomes or
with Intralipid also reduces uptake of vectors in the
nonparenchymal liver cells and augments hepatocyte
transduction.34 Taken together, various interventions
that result in reduced uptake of adenoviral vectors in
liver reticulo-endothelial cells consistently enhance he-
patocyte transduction.

Liver Sinusoidal Endothelial Fenestrae

Liver sinusoids are highly specialized capillaries with two
critical features: the thin endothelium contains open
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fenestrae and a basal lamina is lacking.43 Fenestrae are
clustered in sieve plates and provide an open pathway
between the sinusoidal lumen and the space of Disse, in
which numerous microvilli from parenchymal liver cells
protrude.43 Sinusoidal fenestrae have no diaphragm, and
visualization requires perfusion fixation with glutaralde-
hyde. Scanning electron microscopy analysis has shown
that sinusoidal fenestrae comprise 6 to 8% of the sinu-
soidal surface.44 Compared with the centrilobular area,
the diameter of fenestrae is larger, but the frequency of
fenestrae is lower in the periportal area.44,45

The open communication between the sinusoidal lu-
men and the space of Disse through fenestrae represents
a unique route that provides direct access for gene
transfer vectors to the surface of hepatocytes. However,
fenestrae act as a sieve and will mechanically restrict the
transport of gene transfer vectors according to their size.
Thus, two parameters must be taken into account when
considering the access of gene transfer vectors to hepa-
tocytes: the diameter of both fenestrae and gene transfer
vectors.

Species Variation of the Average Diameter of
Fenestrae

Fenestrae generally measure between 100 and 200 nm,
although significant species-specific differences in their
size exist.43,44 However, the interpretation of the existing
literature on species variations of the size of sinusoidal
fenestrae is hampered by differences in preparatory
methods applied by different investigators. Standardized
protocols within one group of investigators are therefore a
conditio sine qua non for reliable species and strain com-
parisons. A direct comparative study of the diameter of
sinusoidal fenestrae in five species using scanning elec-
tron microscopy was performed by Higashi et al.46 The
average diameter of sinusoidal endothelial fenestrae in
this study was 45 nm in cows, 52 nm in sheep, 66 nm in
guinea pigs, 82 nm in pigs, and 131 nm in dogs.46

However, these results are based on scanning electron
microscopy preparations and are therefore subject to a
shrinkage effect in the order of 30% caused by dehydra-
tion and drying of the tissue.

Accurate measurements of fenestrae can only be ob-
tained by gradually replacing cellular water by plastic
during preparation for transmission electron microscopy.
Previous studies have shown that this method of prepa-
ration leads to accurate measurements of cellular details,
such as fenestrae. Visualization of fenestrae in transmis-
sion electron microscopy sections requires that endothe-
lial cells and their sieve plates are cut tangentially so that
fenestrae become visible as holes. Using this technology
and standardized protocols, we have previously shown
that the average diameter of fenestrae is significantly
larger in Sprague Dawley rats (150 nm in the pericentral
area and 175 nm in the periportal area)44 and C57BL/6
mice (141 nm)47 than in New Zealand White rabbits (103
nm),47 Fauve de Bourgogne rabbits (105 nm),48 and
humans with a healthy liver (107 nm).49 The diameter in
Dutch Belt rabbits was intermediate (124 nm).48 Taken

together, this species comparison demonstrates that the
diameter of fenestrae in humans is similar to New Zea-
land White rabbits and significantly smaller compared
with mice and rats, two species that are most frequently
used in gene transfer studies.

A representative scanning electron micrograph show-
ing sinusoidal fenestrae, mostly grouped in sieve plates,
in normal human liver is shown in Figure 1, A and B,
shows a transmission electron micrograph of a human
liver sinusoid. Because the endothelial lining is cut tan-
gentially, fenestrae appear as complete holes in the en-
dothelium (Figure 1B). Transmission electron microscopy
studies consistently show that the interindividual variation
of the average diameter of fenestrae within the same
species or strain is low, as indicated by coefficients of
variation between 3 and 8%. In contrast, as will be dis-
cussed in the next paragraph, the intraindividual variation
of diameters of fenestrae is high.

Intraindividual Variation of the Diameter of
Fenestrae

The intraindividual variation of the diameter of fenestrae is
an important parameter that may complicate investiga-
tions on the relation between the diameter of fenestrae
and gene transfer efficiency to hepatocytes. Figure 1C
shows the distribution curves for humans, New Zea-

Figure 1. A: Scanning electron micrograph of the endothelial lining of a human
liver sinusoid. Sinusoidal fenestrae, mostly grouped in sieve plates, appear as
openings in the endothelial lining and are indicated by arrows. EC, endothelial
cell. Scale bar represents 500 nm. B: Transmission electron micrograph of
fenestrae in a human liver sinusoid. The endothelial lining is cut tangentially and
shows the occurrence of fenestrae as complete holes in the endothelium.
Fenestrae are indicated by arrows. EC, endothelial cell; MV, microvillous sur-
face of hepatocytes. The right top corner of the picture shows the lumen of the
sinusoid. Scale bar represents 250 nm. C: Distribution of sinusoidal liver
fenestrae in humans, New Zealand White rabbits, and C57BL/6 mice. Data
constitute an extrapolation to an infinite number of measurements of previously
published frequency distribution histograms.47,49
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land White rabbits, and C57BL/6 mice. These plots
were generated by extrapolating the data of frequency
distribution histograms47,49 with a finite number of ob-
servations in each individual to curves corresponding
to an infinite number of observations. The distribution
curves in Figure 1C show a nearly perfect overlap for
humans and New Zealand White rabbits, whereas the
distribution in C57BL/6 mice is significantly different
compared with humans.

The schematic drawing of a sinusoid in Figure 2 illus-
trates that two opposing processes will determine the
entrance of vectors into the space of Disse: on the one
hand passage through sinusoidal fenestrae and on the
other hand endocytosis by Kupffer cells and endothelial
cells. Species and strain differences in transendothelial
passage will be determined by intrinsic differences of the
function of liver reticulo-endothelial cells (eg, C57BL/6
versus BALB/c mice) as well as the rate passage of
vectors through fenestrae. On the basis of these consid-
erations, one can predict that the ratio of transgene DNA
copy number in parenchymal liver cells versus the copy
number in sinusoidal liver cells will correlate positively
with the diameter of fenestrae. After reviewing data on the
diameters of different gene transfer vectors, we will
present several lines of experimental evidence that sup-
port the critical role of the diameter of fenestrae in hepa-
tocyte transduction.

Diameters of Gene Transfer Vectors

To put the importance of the size of fenestrae for hepa-
tocyte-directed gene transfer into perspective, accurate
knowledge of the diameter of gene transfer vectors is
required. To avoid bias in the measurement of the diam-
eter of adenoviral vectors, we previously vitrified a sam-
ple of adenoviral vectors using Vitrobot technology and
determined the diameter by cryoelectron microscopy.47

Ad5 virions were shown to have a diameter of 93 nm with
protruding fibers of 30 nm.47 Using the same imaging
techniques, the diameter of a vesicular stomatitis virus-
G-pseudotyped, HIV-1-derived lentiviral vector was found
to be 150 nm.47 Adeno-associated viral serotype 2 vec-
tors have an average diameter of 22 nm.50 Herpes sim-
plex virions have been reported to be as large as 180
nm.51 The diameter of liposomes used for nonviral gene
transfer varies between 50 and 1000 nm and is highly
dependent on production parameters.52

Experimental Evidence for a Critical Role of
Sinusoidal Fenestrae in Hepatocyte
Transduction following Adenoviral Gene
Transfer

On the basis of our prior studies in different strains of
rabbits and in different species,47–49 the correlation co-
efficient between the average diameter of sinusoidal
fenestrae in these different strains and species and hu-
man apo A-I expression at day 7 after transfer with an
adenoviral vector containing a hepatocyte-specific ex-
pression cassette was found to be 0.94 (P � 0.01). This
strongly suggests that the diameter of sinusoidal
fenestrae is an important determinant of gene transfer
efficiency to hepatocytes.

To demonstrate that the difference of human apo A-I
plasma levels reflects differences of transgene DNA lev-
els in parenchymal liver cells, we isolated parenchymal
and nonparenchymal liver cells at day 3 after transfer in
C57BL/6 mice and New Zealand White rabbits. Trans-
gene DNA levels in parenchymal liver cells were much
higher in C57BL/6 mice than in New Zealand White rab-
bits, whereas the reverse pattern was observed in non-
parenchymal liver cells.47 Considering the small average
diameter of fenestrae in New Zealand White rabbits (103
nm), it appears that the sinusoidal wall constitutes a
histological barrier for adenoviral vectors in this species,
leading to increased uptake by liver reticulo-endothelial
cells. In contrast, the larger fenestrae in C57BL/6 mice
(141 nm) facilitate access to hepatocytes, leading to
increased uptake into hepatocytes and to reduced scav-
enging by Kupffer cells and liver sinusoidal endothelial
cells. In other words, the size of fenestrae determines the
distribution of vectors between sinusoidal and parenchy-
mal liver cells.

Although the relation between the diameter of sinusoi-
dal fenestrae and transgene expression after adenoviral
gene transfer may be confounded by substantial differ-
ences in genetic background, we showed that interven-
tions that increase the diameter of fenestrae result in

Figure 2. Schematic drawing of a liver sinusoid. The sinusoidal wall is
formed by liver sinusoidal endothelial cells and juxtaposed Kupffer cells.
Whereas endocytosis of gene transfer vectors by Kupffer cells and liver
sinusoidal endothelial cells limits hepatocyte transduction, the presence of
fenestrae in liver sinusoidal endothelial cells provides a direct access to the
space of Disse and the microvillous surface of hepatocytes and may allow
transcellular migration of vectors. As indicated in the bottom panel, the
diameter of fenestrae may restrict the passage of gene transfer vectors
according to their size.
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significantly increased transgene expression in New Zea-
land White rabbits.47,48 These intervention studies sup-
port the view that the correlation between the diameter of
fenestrae and transgene expression after adenoviral
transfer reflects a causal relationship.

On the basis of the high degree of similarity of the
distribution of the diameter of fenestrae between humans
and New Zealand White rabbits (Figure 1C), one would
predict a low efficiency of gene transfer into hepatocytes
after adenoviral transfer in humans. In the ornithine tran-
scarbamylase deficiency trial, low levels of gene transfer
in hepatocytes were indeed observed.53 The authors
concluded that the level of transgene expression was
lower than what would have been predicted based on
preclinical animal models.53 Although histological alter-
ations of the livers in patients with partial ornithine tran-
scarbamylase deficiency may have contributed to low
hepatocyte transduction, we speculate that a much
smaller size of fenestrae in humans compared with mice
and rats is likely the most critical factor in the observed
species difference of hepatocyte transduction. On the
other hand, the small diameter of fenestrae in humans
may be beneficial for the efficacy of molecular strategies
directed at liver detargeting of adenoviral vectors since
anatomical targeting to the liver will be limited.

Recently, Brunetti-Pierri et al54 developed a minimally
invasive procedure that significantly improves the effi-
ciency of hepatocyte-directed transfer in nonhuman pri-
mates. A balloon occlusion catheter was percutaneously
positioned in the inferior vena cava to occlude hepatic
venous outflow.54 Gene transfer of gutted vectors was
performed via a percutaneously placed hepatic artery
catheter with an infusion time of 7.5 or 15 minutes. This
procedure resulted in �10-fold higher transgene expres-
sion levels compared with systemic gene transfer. In-
creased intrahepatic pressure following occlusion of he-
patic outflow of the liver may increase the diameter of
fenestrae, similar as observed following hydrodynamic
injections in mice,55 and this may contribute to the ben-
eficial effects of this procedure in monkeys.

Potential Relevance of Sinusoidal Fenestrae for
Other Modes of Hepatocyte-Directed Gene
Transfer

On the basis of the data obtained with adenoviral vectors,
it is likely that the large diameter of lentiviral vectors is an
important limitation for hepatocyte-directed gene transfer
and may restrict passage of vectors even in mice and
rats. Indeed, gene transfer efficiency in mice and rats is
low after in vivo lentiviral gene transfer.56–58 Although
other factors like technological challenges to obtain high
titer vector stocks may play a role, it is likely that the large
diameter of lentiviral vectors is a limitation for hepatocyte-
directed gene transfer. Because this anatomical limitation
does not exist for adeno-associated viral vectors, gene
transfer efficiency into hepatocytes with this type of vec-
tors will be solely dependent on cellular and molecular
determinants of hepatocyte transduction.

Fenestrae may also play a role in naked DNA transfer. Liu
et al59 showed that the murine liver can rapidly extract up to
25 �g of plasmid DNA from the blood during a single pass
after simple i.v. injection. Moreover, this study showed that
naked DNA is primarily taken up by the liver endothelial
cells, but not by Kupffer cells, and that transfection of hepa-
tocytes can be improved by mechanical massage of the
liver, which increases the size of liver sinusoidal fenestrae.59

Substantial amounts of plasmid DNA are degraded by
nucleases in the blood following simple i.v. injection, which
can be overcome by hydrodynamic gene transfer.

Fenestrae have also been proposed to play a role in the
transport of naked DNA into hepatocytes during hydrody-
namic gene transfer.55 Although the exact mechanism of
hepatocyte transfection following hydrodynamic gene
transfer remains to be elucidated, a general consensus is
that the injected volume induces right heart volume over-
load. This results in a retrograde flow through the vena cava
and in particular in a retrograde flow into the hepatic veins.
As a result, intrahepatic pressure increases, and the DNA
containing solution is forced out of the hepatic sinusoids into
the parenchymal liver cells. After systemic hydrodynamic
gene transfer in mice and rats, the majority of the injected
DNA (ie, �90%) can be retrieved in the liver.60 In addition,
microscopic analysis has indicated that transfected hepa-
tocytes are predominantly located in the pericentral re-
gion.61 This predilection may be explained by the fact that
sinusoids are wider and straighter and contain more
fenestrae per unit of surface in the pericentral area than in
the periportal area.45,60

The question remains of how nucleic acids are taken up
by hepatocytes. Initially, it was postulated that injected
DNA was taken up via a receptor-mediated process.62

At present, multiple lines of evidence, including the
quick and random uptake of various structurally unre-
lated molecules by hepatocytes,55,61,63– 65 the rapid
onset of liver transaminases in the blood,64,66 and electron-
microscopic observations55,61 all support a mechanism
wherein transient membrane defects result in DNA uptake
by hepatocytes, so-called “hydroporation.”55 Alternatively,
Crespo et al67 proposed, based on observations of large
numbers of endocytotic vesicles in the absence of mem-
brane defects, that cellular uptake of nucleic acids occurs
via a microfluid uptake process. Further studies are war-
ranted to delineate the importance of each of these path-
ways in the uptake and expression of nucleic acids by
hepatocytes following hydrodynamic gene transfer.

Sinusoidal Fenestrae and Hepatocyte
Transduction in Diseased Livers

The unique morphological features of liver sinusoidal en-
dothelial cells may change in pathological conditions.
Liver fibrosis and cirrhosis lead to a decreased number of
fenestrae,68 and capillarization and perisinusoidal fibro-
sis leads to the development of a basal lamina, found to
be absent in normal sinusoids. A significant reduction in
the number of fenestrae and porosity of the sinusoidal
endothelial cells was observed in alcoholic liver disease
without cirrhosis.69 In a comparative study, decreased
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transduction by adenoviral vectors has been observed in
cirrhotic rat livers compared with normal livers.70 Further-
more, hydrodynamic gene transfer was significantly less
efficient in rats with a fibrotic liver compared with rats with
a healthy liver.71 Sinusoidal capillarization also occurs in
hepatocellular carcinoma.72 This may constitute a major
obstacle for efficient gene therapy for liver cancers.

Conclusion

Preclinical viral and nonviral gene transfer studies should
consider scavenging of vectors by liver reticulo-endothelial
cells and the diameter of sinusoidal fenestrae as important
determinants of gene transfer efficiency into hepatocytes.
Although the diameter of fenestrae may be modulated to
some extent, there is currently no safe pharmacological
intervention that results in a significant enlargement of
fenestrae. The small diameter of fenestrae in humans and
alterations of liver sinusoidal endothelial cells in liver dis-
ease may constitute a significant and potentially insur-
mountable obstacle for efficient gene transfer into hepato-
cytes with several vectors. As outlined in this review for in
vivo transduction of hepatocytes by adenoviral vectors, both
anatomical access of vectors to the space of Disse on the
one hand and interaction of vectors with hepatocyte recep-
tors in vivo on the other hand are necessary for efficient
hepatocyte transduction in vivo. A model on hepatocyte
transduction should therefore take into account that both an
anatomical prerequisite and a molecular prerequisite have
to be met.
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