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Redundant and Synergistic Mechanisms Control the
Sequestration of Blood-born Adenovirus in the Liver
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Human adenovirus (Ad) is a ubiquitous pathogen causing
a wide range of diseases. Although the interactions of
human Ad serotype 5 (Ad5) with susceptible cells in vitro
are known in great detail, host factors controlling the
tissue specificity of Ad5 infection in vivo remain poorly
understood. Here, we analyzed the mechanisms of
sequestration by the liver for blood-born human Ads
and Ad5-based vectors. Our data suggest that several
known mechanisms that lead to Ad5 sequestration by
the liver become engaged in a redundant, sequential,
and synergistic manner to ensure the rapid clearance of
circulating virus particles from the blood. These mecha-
nisms include (i) trapping of the virus by liver residential
macrophages, Kupffer cells; (ii) Ad5 hepatocyte infection
via blood factor-hexon interactions; and (iii) Ad5 penton
RGD motif-mediated interactions with liver endothelial
cells and hepatocytes, mediating virus retention in the
space of Disse. More important, we show that when all
of these mechanisms are simultaneously inactivated via
mutations of Ad5 capsid proteins and pharmacological
interventions, virus sequestration by the liver is markedly
reduced. Therefore, our study is the first demonstration
of the principal possibility of ablating the sequestration
of blood-born Ad in the liver via specific inactivation of a
defined set of mechanisms that control this process.
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INTRODUCTION
Gene delivery vectors based on human species C adenovirus sero-
type 5 (Ad5) are the most frequently used in clinical studies, which
aim to correct human genetic and acquired diseases. The extreme
propensity of the virus for hepatocyte infection following its intra-
vascular delivery has made Ad5 the vector of choice for applications
requiring high-level transgene expression in hepatocytes in vivo.'
However, the efficient interaction between Ad5 and liver, which
sequester >99% of the intravenously delivered vector dose,>* rep-
resents a major hindrance if gene delivery to extrahepatic cells and
tissues, such as disseminated metastatic tumors, is required.

In vitro studies demonstrated that Ad infection starts with the
virus binding to a high-affinity primary attachment receptor on

the cell surface. The fiber protein mediates this interaction when
its distal knob domain binds to a specific cellular receptor. For
binding to cells, species A, C, D, E, and F human Ads may utilize
the coxsackievirus and Ad receptor (CAR); however, the majority
of human species B Ads utilize CD46 as a high-affinity cellular
attachment receptor.*” Fiber-mediated binding of Ad to cells is
followed by RGD motif-mediated binding of the viral penton
base protein to cellular integrins.® This interaction induces inte-
grin activation and cytoskeleton rearrangement that facilitates
internalization of the virus particle into the cell.”*

Ad entry into cells is a remarkably efficient process (reviewed
in refs. 11,12). However, in vivo analyses of Ad vector interac-
tions with a host revealed that when the virus is introduced at
high doses and/or via entry routes that are distinct from those
used upon its natural infection, the observed Ad infectivity and
biodistribution cannot be explained solely by the levels of Ad
fiber-specific receptor expression.'

Our earlier studies suggest that the transduction of hepato-
cytes and the sequestration of Ad in the liver tissue after intra-
vascular virus injection are governed by distinct molecular
mechanisms.'* The liver residential macrophages, Kupffer cells,
were thought to play the dominant role among factors contributing
to the sequestration of a blood-born Ad in the liver.** Indeed, when
Ad is injected into mice intravenously, Kupffer cells rapidly accu-
mulate large amounts of virus particles.>'>!° Moreover, elimination
of Kupffer cells from the liver after treatment of mice with ether
clodronate liposomes or gadolinium chloride results in a marked
increase in the levels of hepatocyte-specific Ad-mediated gene
transfer, suggesting that significant amounts of infectious virus
particles might be trapped by Kupffer cells.'>”** Our earlier data
suggested that Ad5 binding to blood factors is the primary path-
way mediating efficient virus entry into hepatocytes after intrave-
nous administration.?” Most recently, it was found that the binding
of blood coagulation factor X (FX) to Ad5 hexon leads to efficient
hepatocyte transduction.””* However, the study by Waddington
et al. showed that liver trapping of Ad5 vectors is comparable in
wild-type mice, and mice treated with warfarin, a drug that blocks
the activity of all vitamin K-dependent coagulation factors,” thus
implying that FX-facilitated entry of Ad into hepatocytes may not
be solely responsible for Ad5 trapping in the liver.

In this study, we systematically analyzed the contribution of
each of the known mechanisms in mediating the sequestration of
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blood-born Ad in the liver. Our data suggest the existence of the
previously underappreciated redundancy and synergism of molecu-
lar pathways that control the sequestration of blood-born Ad in the
liver. We also show for the first time the principal possibility of ablat-
ing the sequestration of blood-born Ad in the liver via specific inac-
tivation of a defined set of mechanisms that control this process.

RESULTS

Blood-born Ad is efficiently sequestered

in the liver independently of the virus fiber structure,
RGD motif-mediated penton binding to integrins,

or hexon binding to FX

The previously obtained data provide strong evidence that Ad
vectors with modified fibers transduce liver cells with efficiency

© The American Society of Gene Therapy

that varies greatly depending on the fiber length and structure.
However, in few studies where accumulation of fiber-modified
vectors in the liver has been tested within first 3 hours after their
intravascular delivery, it was found that physical Ad particles
were trapped in the liver efficiently independently of the fiber
structure.'*** Using a set of the previously constructed Ad5-based
vectors which possessed mutated fibers or RGD motif deletion
within the penton base, we confirmed by Southern blot analysis
that Ad5-based vectors accumulate in the liver efficiently 1 hour
after intravenous injection independently of the fiber structure or
the presence of an RGD motif within the penton (Supplementary
Figure S1).

Recent evidence suggested that when Ad5 is injected intrave-
nously, virus hexon protein binds coagulation FX with very high
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Figure 1 Sequestration of blood-born adenovirus (Ad) in the liver tissue after intravenous virus injection occurs independently of virus
binding to blood coagulation factors. (a) Ad5 vector was injected into mice mock treated (Ad5 lanes) or pretreated with warfarin (warfarin lanes),
and livers were harvested 1 hour after virus injection and processed for Southern blotting as described in Materials and Methods. Each lane represents
liver samples harvested from a mouse individually injected with Ad (biological replicates). (b) Quantitative representation of vector accumulation in
livers determined by Phosphorlmager analysis of Ad-specific bands shown in a after adjustment of Ad DNA signal intensities for the Gus gene signal
intensities for corresponding vectors using ImageQuant software. N = 4. n.s.—not statistically significant. (c) Southern blot analysis of genomes of
wild-type human Ad present in the liver 1 hour after intravenous virus injection. Affinity of factor X (FX) binding for indicated serotypes is shown.
Gus—mouse p-glucuronidase gene. C—Control liver DNA from a mouse injected with virus dilution buffer (phosphate-buffered saline) only. NB—not
binding. The affinity of Ad3, Ad16, and Ad35 for FX was previously reported in ref. 49. The lack of Ad14 binding to FX is a personal communication
of A. Lieber (University of Washington, 20 November 2008). Conservative species B Ad—specific DNA probe corresponding to E4 region was used
for detection of species B genomic DNA in hybridization reaction. (d) Quantitative representation of vector accumulation in livers determined
by Phosphorlmager analysis of Ad-specific bands shown in c after adjustment of Ad DNA signal intensities for the Gus gene signal intensities for
corresponding vectors using ImageQuant software. N = 3. n.s.—not statistically significant. *P < 0.05. (e) Association of Ad vectors with Kupffer cells
of mice treated with warfarin or mock-treated controls. Ads were injected into the tail vein of C57BI/6 mice. One hour later, livers were recovered and
immediately frozen in an optimal cutting temperature compound. To visualize Kupffer cells (KCs), fixed liver sections were stained with anti-F4/80
antibody conjugated with fluorescein isothiocyanate (FITC) (green). Ad particles were visualized after staining the liver sections with Cy3-labeled
anti-hexon polyclonal antibodies (red). Images of representative fields were taken with red and green filters and were then superimposed to reveal Ad
association with KCs (yellow, merged). The overlapping of Kupffer cell-specific staining and Ad-specific staining is indicated by arrows.
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affinity and that this interaction leads to efficient virus entry into
hepatocytes and hepatocyte transduction in vivo.»* To better
understand how inactivation of this in vivo pathway of Ad entry
into hepatocytes affects virus interactions with the liver, we admin-
istered unmodified Ad5 virus into control untreated mice and mice
treated with warfarin, which inactivates all vitamin K-dependent
blood coagulation factors.” Analysis of Ad DNA trapped in the
liver 1 hour after intravenous virus injection showed that warfarin
treatment did not result in a significant reduction of Ad sequestra-
tion in the liver at this time point (Figure 1a,b). Our earlier analy-
ses demonstrated that different wild-type human Ad serotypes
show high variability in dissociation constant (Kds) of FX binding
to their capsids.”! To further evaluate whether variations in amino
acid composition of the exposed regions of hexon and Kds of FX
binding could affect the efficacy of Ad sequestration in the liver, we
injected mice intravenously with wild-type human Ad serotypes
Ad3, Ad14, Ad16, and Ad35. Our earlier analysis showed that Ad16
has 1.67 uM Kd of FX binding, whereas Ad3 has Kd of FX binding
equal 3uM and Ad35 did not demonstrate any FX binding at all.*!
The evaluation of sequestration of these viruses in the liver after
intravenous administration showed no difference in the amounts
of Ad3 and Ad16 and higher levels of Ad35 DNA (Figure 1c,d),
suggesting that virus binding to FX cannot be the only important
pathway mediating the sequestration of the blood-born Ad in the
liver. Collectively, using Southern blot analysis of Ad DNA trapping
in the liver for unmodified Ad5, fiber- and penton-modified Ad5-
based vectors, and various wild-type Ad serotypes, our data con-
firm previous observations that the sequestration of the high doses
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of blood-born Ad occurs independently of the virus fiber structure,
the presence of RGD motifs in the penton base, or virus hexon
binding to blood coagulation factors.

Inactivation of the blood factor pathway

of hepatocyte transduction does not prevent

virus accumulation in Kupffer cells

After intravenous injection, large amounts of Ad are known to be
trapped by liver residential macrophages, Kupffer cells.? To assess
whether the Kupffer cell capacity to trap high-dose blood-born
Ad is changed in mice treated with warfarin, we administered Ad5
intravenously and 1 hour later analyzed the colocalization of virus
particles with Kupffer cells by immunostaining and fluorescent
microscopy. This analysis revealed that in the control and warfarin-
treated mice, Kupffer cells were present in the liver (Figure Ie).
More important, when liver sections of mice were costained with
Ad5 hexon-specific antibody and F4/80 antibodies, we observed
a clear colocalization of Ad hexon-specific staining with Kupfter
cells (Figure le), suggesting that warfarin treatment of mice did
not ablate the Kupfter cell capacity to trap blood-born Ad.

To analyze whether the treatment of mice with warfarin
had any effect on the Ad-mediated hepatic cell transduction,
we administered control mice and warfarin-treated mice with
Ad5RFP vector, possessing unmodified wild-type Ad5 capsid,
but expressing red fluorescent protein (RFP) under the control
of cytomegalovirus promoter.’*® Histological evaluation of liver
sections for RFP expression showed that AA5RFP transduced
hepatocytes with very high efficiency in mock-treated mice
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Figure 2 Inactivation of blood coagulation factors leads to adenovirus (Ad) transduction of liver sinusoid endothelial cells. (@) /n vivo trans-
duction of hepatocytes with Ad5RFP after systemic vector application in control, mock-treated, and warfarin-treated mice. Twenty-four hours after
intravenous Ad injection, livers were recovered and serial sections of formalin-fixed tissues were prepared. To visualize red fluorescent protein (RFP)
fluorescence, images of sections were taken under ultraviolet light. Representative fields are shown. Magnification, x200 on the two left sets of panels
and x400 on the right sets of panels. Note that the treatment of mice with warfarin completely eliminates hepatocyte transduction. However, sinusoid
endothelial cells express RFP (indicated by arrows) in warfarin-treated mice. Two representative fields are shown. N = 4. (b) Analysis of surface markers
of RFP expressing cells in warfarin-treated mice using flow cytometry (N = 5, the average percentage of RFP-positive cells is shown on the dot plots).
Note that the RFP expressing cells are stained positive with antibody for CD31, endothelial cell marker, and not with antibody specific for f2-integrin,

which is the marker for hematopoietic cells. DAPI, 4’,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; IgG, immunoglobulin G.
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(Figure 2a). Also, in agreement with previous data,”” we found
that the treatment of mice treated with warfarin completely
abrogated Ad5-mediated hepatocyte transduction. Surprisingly,
detailed evaluation of liver sections also revealed that in the
warfarin-treated group, Ad5RFP also transduced sinusoid
endothelial cells (Figure 2a, lower panels, and b). Although the
level of RFP expression in these cells was quite low, RFP expres-
sion was detected in 7.6% of all analyzed cells. RFP-positive
cells represented 17% of all CD31-positive endothelial cells,
suggesting that at least 17% of endothelial cells in the liver were
transduced by Ad5RFP under the used conditions. In contrast,
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Figure 3 Kupffer cell elimination does not prevent the sequestra-
tion of blood-born adenovirus (Ad) in the liver. (a) Association of
Ad vectors with Kupffer cells of wild-type (WT) mice or mice knockout
for scavenger receptor A (SR-A-KO) gene. One hour after intravenous
virus injection, livers were recovered and immediately frozen in optimal
cutting temperature compound. To visualize KCs, fixed liver sections
were stained with anti-F4/80 antibody (green). Ad particles were visual-
ized after staining liver sections with Cy3-labeled anti-hexon polyclonal
antibodies (red). Images of representative fields were taken with red
and green filters and were then superimposed to reveal Ad association
with KCs (yellow). The overlapping of Kupffer cell-specific staining and
Ad-specific staining is indicated by arrows. (b) Quantitative representa-
tion of vector accumulation in livers determined by Southern blot analy-
sis followed by ImageQuant data processing of Ad-specific bands are
shown in Supplementary Figure S2A after adjustment of Ad DNA
signal intensities for the Gus gene signal intensities. N = 4. (c) Wild-type
mice were treated with clodronate liposomes as described in Materials
and Methods. Furthermore, 24 hours after the treatment of mice with
clodronate liposomes and 1 hour after intravenous virus injection,
livers were recovered and immediately frozen in optimal cutting tem-
perature compound. To visualize KCs, fixed liver sections were stained
with anti-F4/80 antibody (green). Note that the treatment of mice
with clodronate liposomes completely eliminates Kupffer cells from the
liver. (d) Quantitative representation of the Southern blot analysis of Ad
vector genomes’ association with livers of wild-type mice treated with
clodronate liposomes 1 hour after intravenous virus injection. Following
hybridizations, the membranes were exposed to Phophorlmager screens
and the intensity volumes of Ad-specific and Gus-specific bands were
recorded and processed using ImageQuant software. N = 4. n.s.—not
statistically significant.
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RFP expression was not observed in B2-integrin-positive cells
of hematopoietic origin, including circulating and residential
monocytes and macrophages (Figure 2b). Collectively, our data
suggest that although warfarin-mediated inactivation of the blood
factor pathway of hepatocyte infection completely abrogates Ad
hepatocyte transduction, it does not prevent Ad accumulation in
Kupffer cells; however, under the used conditions, Ad5RFP could
infect hepatic sinusoid endothelial cells.

The depletion of Kupffer cells has no effect

on Ad sequestration in the liver

Kupfer cells are known to accumulate large amounts of Ad par-
ticles shortly after intravenous virus administration.'>'3*! Recently,
it was shown that polyinosinic acid, poly(I), administration into
mice prior to Ad injection drastically reduced the capacity of
Kupfter cells to trap blood-born Ad in vivo."** This data imply that
a poly(I)-specific receptor, scavenger receptor A, might be involved
in sequestering Ad from the blood after its intravenous injection.
To evaluate this possibility, we administered Ad5-based vectors
into wild-type or scavenger receptor A knockout (SR-A-KO)
mice and analyzed both virus DNA deposition in the liver by
Southern blotting and virus trapping in Kupfter cells by fluorescent
microscopy. These analyses showed that in both control wild-type
mice and SR-A-KO mice, Kupffer cells retained the capacity to
accumulate Ad particles after intravenous virus administration
(Figure 3a). We also found that the amount of Ad vector DNA that
could be recovered from the liver after intravenous virus injection
was virtually identical in wild-type and SR-A-KO mice (Figure 3b,
and Supplementary Figure S2A), suggesting that SR-A cannot
be the only receptor responsible for the Kupfter cells capacity to
trap blood-born Ad in vivo. This finding is consistent with recent
studies by Xu ef al. who showed that multiple mechanisms mediate
Ad interactions with Kupffer cells.*

Next, we analyzed whether the depletion of these phagocytic
cells could reduce the liver’s capacity to sequester the blood-born
Ad. To deplete Kupffer cells, we used the previously established
and optimized techniques of macrophage elimination by a single-
dose clodronate liposome injection.’* The clodronate liposomes
are ingested by the macrophages that are then killed following
phospholipase-mediated disruption of the liposomal bilayers and
release of the clodronate.’ In agreement with the earlier data,
intravenous administration of clodronate liposomes into mice
resulted in complete elimination of Kupffer cells from the liver
within 24 hours of injection (Figure 3c). However, the Southern
blot analysis of Ad DNA amounts in the livers of clodronate lipo-
some-treated mice or control mice treated only with phosphate-
buffered saline 24 hours prior to virus administration, showed no
difference in the amounts of Ad trapped in the liver independently
of the presence of Kupffer cells in liver parenchyma (Figure 3d
and Supplementary Figure S2B).

Simultaneous treatment of mice with warfarin

and clodronate liposomes results in an only

partial reduction in liver capacity to sequester
blood-born Ad

Our findings that independent inactivation of either blood factor
pathway or depletion of Kupffer cells results in no measurable
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reduction in the amounts of Ad DNA trapped in the liver after
intravenous virus administration may indicate that a dynamic
balance might exist between the mechanisms of the Ad sequestra-
tion by Kupffer cells and hepatocytes in vivo. This data may also
suggest that the mechanisms of sequestration of blood-born Ad
may work in a redundant and synergistic manner. To evaluate this
possibility, we analyzed the sequestration of Ad DNA in the livers
of mice treated with both the warfarin and clodronate liposomes
prior to Ad administration. This analysis revealed that when
harvested at 1 hour after intravenous Ad injection, the amount
of virus DNA trapped in the liver was 35% lower in mice treated
with both warfarin and clodronate liposomes, compared to mice
treated with warfarin only (Figure 4a,b). Although the difference
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Figure 4 The treatment of mice with warfarin and clodronate lipo-
somes allows for a partial reduction of the levels of adenovirus (Ad)
DNA sequestered by the liver after intravenous virus administra-
tion. (a) Southern blot analysis for Ad vector genomes associated with
livers of wild-type mice 1 hour after intravenous virus injection. Mice
were treated with warfarin only or with a combination of warfarin and
clodronate liposomes. Duplicate samples for each group are shown.
Gus—mouse B-glucuronidase gene. Control—liver DNA from a mouse
injected with virus dilution buffer (phosphate-buffered saline) only.
(b) Quantitative representation of Ad accumulation in livers determined
by Phosphorlmager analysis of Ad-specific bands shown in a after adjust-
ment of Ad DNA signal intensities for the Gus gene signal intensities for
corresponding vectors. *P < 0.05. (c) Distribution of Ad particles in the
livers of mice treated with warfarin or with a combination of warfarin
and clodronate liposomes 1 hour after intravenous virus injection. Liver
sections were stained with anti-F4/80 antibody to detect Kupffer cells
(green) and with anti-Ad hexon antibody to detect Ad particles (red).
Note that the large number of Ad particles was colocalized with Kupffer
cells in warfarin-treated animals, whereas Ad particles were associated
with liver sinusoids in mice treated with both of drugs. (d) Ad particles
(shown by the arrow) localize to a subendothelial Disse space in the livers
of mice treated with both warfarin and clodronate liposomes. Electron
microscopy analysis was done on ultrathin sections of livers harvested 1
hour after intravenous virus injection. D—Disse space; H—hepatocyte;
S—Iliver sinusoidal space. Magnification x21,000.
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between these two experimental groups was statistically signifi-
cant, it was not dramatic. Close evaluation of Ad distribution in
the livers of mice treated with warfarin and clodronate liposomes
showed abundant punctuate Ad-specific staining localized to liver
sinusoids (Figure 4c). Because we did not observe this type of Ad
distribution in the livers of mice treated with either warfarin or
clodronate liposomes independently (Figures 1e and 3c), our data
suggest that yet another mechanism of Ad sequestration became
engaged when both Kupffer cells and the blood factor pathway
are inactivated.

To better define the localization of Ad particles in the liver
sinusoids of mice treated with warfarin and clodronate lipo-
somes, we employed transmission electron microscopy. One
hour after virus injection, liver tissue was harvested, fixed, and
processed for ultrathin sectioning. Electron microscopy analysis
revealed that cytoplasmic organization of hepatocytes was highly
distorted in warfarin-treated mice, suggesting a major cytotoxic
effect of this drug on hepatic cells. Ad particles were easily iden-
tifiable on thin sections and were localized to the Disse space,
the anatomical area underneath and between sinusoid endothe-
lial cells and the hepatocyte surface (Figures 4d and 5a). As
expected, Ad particles were present in liver sinusoids as free par-
ticles (Figure 5b).

Collectively, this data suggest that under the conditions when
sequestration mechanisms mediated by Kupffer cells and blood
coagulation factors are not functioning, Ad trapping in the Disse
space between liver sinusoids endothelial cells and hepatocytes
may become the major mechanism responsible for trapping large
amounts of blood-born Ad in the liver.

Figure 5 Visualization of adenovirus (Ad) distribution in liver tissue
1 hour after intravenous virus injection. (a) Ad particles present in
hepatic sinusoids in a space of Disse; magnification of main image: x4,400;
enlarged image x21,000. (b) Representative image showing distribution of
free Ad particles in the Disse space (indicated by arrows). Magnification x
7,500. D—Disse space; H—hepatocyte; S—liver sinusoidal space.
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Figure 6 Adenovirus (Ad) penton RGD motifs play a critical role
in supporting the sequestration of the blood-born Ad in the liver.
(a) Wild-type (WT) or B3-integrin knockout mice ($3-KO) were treated
with a combination of warfarin and liposomes and injected intrave-
nously with Ad5 vector. In addition to drug treatment, WT mice were
also injected with Ad5ARGD vector. One hour after virus injection, livers
were harvested, and total liver DNA was purified and then subjected to
a Southern blot analysis as described in Figure 1. Duplicate samples for
each group are shown. Gus—mouse p-glucuronidase gene. C—Control
liver DNA from a mouse injected with virus dilution buffer (phosphate-
buffered saline) only. (b) Quantitative representation of Ad accumula-
tion in livers determined by Phosphorlmager analysis of Ad-specific
bands shown in a after adjustment of Ad DNA signal intensities for the
Gus gene signal intensities for corresponding vectors. *P < 0.05. **P <
0.01. (c) Distribution of Ad particles in the livers of wild-type or $3-KO
mice 1 hour after intravenous virus injection. Liver sections were stained
with anti-F4/80 antibody to detect Kupffer cells (green) and with anti-Ad
hexon antibody to detect Ad particles (red). Colocalization of Ad-specific
staining with Kupffer cell staining appears in yellow (merged) and is
indicated by arrows. (d) Distribution of Ad and Ad5ARGD particles in
the livers of mice treated with a combination of warfarin and clodronate
liposomes 1 hour after intravenous injection. Liver sections were stained
with anti-F4/80 antibody to ensure complete elimination of Kupffer cells
with clodronate liposomes (green) as well as with 4’,6-diamidino-2-
phenylindole (DAPI) (blue) and anti-Ad hexon antibody to detect Ad
particles (red).
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The Ad internalization into cells is facilitated by the penton base
RGD motif-mediated binding to cellular integrins.® Many RGD
motif-interacting integrins were shown to serve as functional

680

© The American Society of Gene Therapy

4
a £ g £8
2 & g g2
£ 5 = ==
c 8 = & =2°
— —— — - - —— — | Ad
“- H — Gus
Ad5ARGD
b *
2
k2 ns.
§ 160
£3 140
2 120
2l
< >
8§ 60
‘gg 40 -
Ts 20
-.(; 0
S Saline  Warfarin  Cl-lipos  Warfarin +

Cl-lipos

Figure 7 Sequestration of blood-born Ad5ARGD vector in the liver
is reduced only in mice treated with both warfarin and clodronate
liposomes. (a) Wild-type mice were individually treated with a saline,
warfarin, clodronate liposomes, or a combination of warfarin and lipo-
somes and injected intravenously with AA5ARGD vector. One hour after
virus injection, livers were harvested, and total liver DNA was purified and
subjected to Southern blot analysis as described in Figure 1. Duplicate
samples for each group are shown. Gus—mouse p-glucuronidase gene.
C—Control liver DNA from a mouse injected with virus dilution buffer
(phosphate-buffered saline) only. (b) Quantitative representation of
Ad5ARGD accumulation in livers determined by Phosphorlmager analysis
of adenovirus (Ad)-specific bands shown in a after adjustment of Ad DNA
signal intensities for the Gus gene signal intensities for corresponding
vectors. *P < 0.05. n.s.—not statistically significant.

coreceptors, capable of facilitating Ad internalization into different
kinds of cells.*** Moreover, it was shown that Ad interaction with
integrins can mediate both the virus attachment to and internaliza-
tion into cells.** Because RGD motif-interacting $3-integrin is a
subunit ovP3-integrin expressed on endothelial cells, we speculated
that sequestration of blood-born Ad in the liver might be reduced
in mice that are knockout for B3-integrin gene. To evaluate this
possibility we administered B3-integrin knockout ($3-KO) mice
with Ad5 with or without treatment with warfarin and clodronate
liposomes and analyzed the virus DNA deposition in the liver by
Southern blotting. This analysis revealed that although the accu-
mulation of Ad5 in the livers of wild-type control and 33-KO mice
was comparable, the treatment of $3-KO mice with warfarin and
clodronate liposomes resulted in a significantly greater reduction
in levels of Ad trapped in the liver after intravenous virus injec-
tion, compared to wild-type animals (Figure 6a,b). The analysis of
Ad trapping in Kupfter cells after intravenous virus administration
showed that in both strains of mice, Kupffer cells were capable of
trapping blood-born Ad (Figure 6¢), suggesting that B3-integrin is
unlikely to contribute significantly to the capacity of Kupffer cells
to trap blood-born Ad particles.

To further evaluate whether Ad penton RGD motif-mediated
interactions might be responsible for Ad retention in the Disse
space, wild-type mice were injected with an Ad5ARGD vector,
possessing a three amino acid deletion in the penton base.”
Using Southern blotting, we observed a major reduction in levels
of Ad DNA recovered from the livers of wild-type mice treated
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with warfarin and clodronate liposomes that were injected with
Ad5ARGD vector (Figure 6a). The levels of AASARGD DNA asso-
ciated with the liver were 30%, compared to the levels of Ad5 DNA
in mice treated with both warfarin and clodronate liposomes, and
were 18% compared to Ad5 DNA levels in the mock-treated con-
trol group (Figure 6b). The analysis of Ad5ARGD distribution
in the livers of mice treated with warfarin and clodronate lipo-
somes using fluorescent microscopy showed a complete lack of
Ad-specific staining (Figure 6d). To further verify the role of the
Ad penton RGD motif in mediating the trapping of blood-born Ad
in the liver and to assess the engagement order of pathways
governing this process, we administered Ad5ARGD into mice
treated with either warfarin or clodronate liposomes alone. The
analysis of Ad DNA deposition in the livers of these mice showed
that, similar to mice injected with control-unmodified Ad5, treat-
ment with either warfarin or clodronate liposomes alone did not
result in a measurable reduction of vector DNA trapped in the
liver after intravenous injection (Figure 7). However, the combi-
nation of warfarin and clodronate liposome treatments and the
ablation of RGD motif-mediated interactions resulted in major
reduction in the amount of vector DNA associated with liver
tissue after intravenous Ad injection.

DISCUSSION

Different Ad serotypes infect a variety of cells in vitro and in vivo
with high efficiency. Based on this property of Ad, numerous
Ad-based vectors have been developed for gene transfer and
vaccination studies. However, when Ad vectors were delivered at
high doses or via routes not associated with natural Ad infection,
the infectivity and tissue biodistribution did not correlate with the
levels of the fiber attachment receptors." In particular, after intrave-
nous injection of human Ad5-based vectors, 99% of the delivered
vector dose is rapidly sequestered in the liver.>!* Moreover, abla-
tion of both CAR and integrin interactions through mutation of
Ad fiber and penton proteins did not prevent virus accumulation
in the liver and efficient hepatocyte transduction.’®* The efficient
interaction between Ad and liver cells causes clinically significant
hepatotoxicity and represents a major hindrance if gene delivery
to extrahepatic cells and tissues, such as disseminated metastatic
tumors, is required.

The liver residential macrophages, Kupffer cells, are among
the most studied factors contributing to rapid sequestration of
blood-born Ad in the liver. After intravenous virus injection,
Kupffer cells trap large amounts of virus particles.>'® This accu-
mulation of Ad particles in Kupffer cells causes a nonlinear
dose response for Ad vector-mediated transgene delivery into
hepatocytes.'*' It was shown that depletion of Kupffer cells from
the liver by clodronate liposomes drastically increases the levels of
transgene expression and vector DNA stability in hepatocytes.'”'®
Ad interactions with Kupffer cells induce activation of a variety of
proinflammatory responses.'>**-*> Recent data suggest that high-
dose intravenous Ad administration can induce rapid Kupffer
cell death that might also contribute to activation of proinflam-
matory host responses.*® On the other hand, it was shown that
inactivation of Kupffer cells prior to intravenous Ad adminis-
tration significantly increases the levels of circulating virus and
transduction of hepatic and extrahepatic cells.>***¢ Although
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Kupffer cells can accumulate large amounts of blood-born Ad,
virus entry into Kupffer cells does not lead to their transduction
in vivo, suggesting that Kupffer cells represent a poor niche for
Ad propagation.” Collectively, these data strongly suggest that Ad
trapping by Kupffer cells is the first in line of the potential mecha-
nisms mediating sequestration of blood-born Ad in the liver.

The data obtained in this study suggest, however, that the Ad
trapping by Kupffer cells is not the only mechanism responsible
for the sequestration of blood-born Ad in the liver. Specifically,
complete elimination of Kupffer cells from the liver parenchyma
after clodronate liposome administration led to no reduction in
Ad DNA sequestered in the liver after intravenous virus injection
(Figure 3 and Supplementary Figure S2B). Because elimina-
tion of Kupffer cells leads to marked increase in the level of
Ad-mediated hepatocyte transduction, one could speculate that
the vector particles that escaped sequestration by Kupffer cells are
now efliciently entered hepatocytes, resulting in greatly increased
levels of transgene expression.'>!8

Our earlier data suggested that the entry of Ad5 into
hepatocytes is mediated by blood factors and does not depend
on virus interactions with CAR or integrins.” Although warfarin
treatment of mice completely abrogated hepatocytes transduc-
tion with Ad5 vectors in this study (Figure 2), in agreement with
previous findings,” we found that the amount of Ad DNA seques-
tered in the liver was similar in warfarin-treated and control mice
(Figure 1). Our earlier studies showed that when liver tissue is
perfused with Ad5 in situ in blood-free conditions, Kupfter cells
can accumulate Ad particles in a blood factor (FIX)-dependent
manner.”’ Here, we found that in warfarin-treated mice, Kupfter
cells retain the capacity to trap blood-born Ad, suggesting that
the blood factor-mediated pathway of Ad entry in Kupffer cells
may not be the only one to control Ad-Kupffer cell interactions.
This observation is consistent with recent report suggesting that
Kupffer cells may bind Ad via multiple mechanisms (including
SR-A) and complement receptors or natural antibodies.”

The lack of a significant reduction in the amounts of Ad DNA
sequestered in the livers of Kupffer cell-depleted or warfarin-
treated mice, when compared to control animals, implies that a
previously unknown redundancy and synergism between differ-
ent mechanisms controlling sequestration of blood-born Ad in the
liver might exist. To evaluate this possibility, we treated mice with
both warfarin and clodronate liposomes and analyzed Ad seques-
tration in the liver after intravenous virus injection. Our studies
unexpectedly revealed only a modest reduction in the amounts of
Ad DNA sequestered in the livers of mice treated with the combi-
nation of drugs. While 35% less Ad DNA was trapped in livers of
mice treated with both warfarin and clodronate liposomes, 65%
of Ad DNA still remained trapped in livers of mice that lacked
Kupffer cells and possessed no coagulation factors in blood
(Figure 4). Although this data confirmed our hypothesis that Ad
sequestration mechanisms operate in a redundant and synergistic
manner, it also highlighted a previously unknown sequential order
of engagement of these mechanisms to ensure efficient clearance
of blood-born Ad from circulation. The detailed analyses of Ad
particle distribution in the liver parenchyma using fluorescent
microscopy and electron microscopy revealed abundant dispersed
Ad particles localized to liver sinusoids. Because this type of virus
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distribution was not observed in livers of mice treated with each
drug independently, or in mock-treated animals, this data suggest
that new interactions of Ad with liver cells become activated only
under the condition when other sequestration mechanisms have
been inactivated.

Previous evidence suggests that penton base RGD motif
binding to cellular integrins is essential for Ad internalization into
cells.® In this study, we demonstrate that Ad penton RGD motifs
also contribute to virus trapping in the space of Disse that sepa-
rates liver sinusoid endothelial cells from hepatocytes. Although
it is currently unclear with which cells in the Disse space Ad
interacts via RGD motifs, and which particular integrin type(s)
mediates this interaction, our analysis of Ad deposition in the
livers of f,-integrin knockout mice suggests that B,-integrin, at
least in part, contributes to this interaction. Because o f3,-integrin
is expressed on endothelial cells, it is plausible to speculate that
when Ad particles cannot enter hepatocytes, they may bind
RGD-interacting integrins with B,-integrin subunit on sinusoid
endothelial and thus become retained in the Disse space, leading
to eventual internalization into endothelial cells or hepatocytes,
and virus clearance from circulation. Our data, demonstrating
low-level sinusoid endothelial cell transduction with Ad in mice
treated with warfarin, support this idea (Figure 2).

Collectively, our data uncovered a previously unknown
redundancy and synergism in mechanisms mediating the
sequestration of blood-born Ad in the liver. Based on earlier pub-
lished data and data obtained in this study, we propose a model for
sequestration of blood-born Ad in the liver (Figure 8). This model
suggests that a defined set of specific molecular mechanisms
become engaged in a redundant, synergistic, and orderly manner
to ensure the clearance of blood-born Ad from circulation. When
small amounts of Ad particles appear in blood, the virus trapping
by Kupffer cells works as a first dominant mechanism, mediating

Kupffer H Endothelium, Virus
cells epatocytes  pigge space  sequestration
Blood-born in the liver

LA
@

1] |-

1. High Ad dose, 2. Warfarin, FX-bp, 3. RGD motif

Inactivation of

Ad sequestration CL, other hexon mutations, deletion or
mechanisms inactivation alternative Ad substitution
strategies serotypes

Figure 8 Schematic representation of mechanisms mediating the
sequestration of blood-born adenovirus (Ad) in the liver and
approaches to inactivate them. Upon entry of Ad into a bloodstream,
a defined set of specific molecular mechanisms become engaged in a
redundant, synergistic, and orderly manner to ensure the clearance of
blood-born Ad from circulation. If small amounts of Ad particles appear
in blood, the virus trapping by Kupffer cells works as a first dominant
mechanism, mediating Ad sequestration in the liver. When the Ad dose
exceeds the capacity of Kupffer cells to trap the virus, hepatocytes
absorb blood-born Ad particles in a blood factor-dependent manner,
serving as a second dominant mechanism mediating sequestration of
blood-born Ad. However, when the Ad dose is high and both the Kupffer
cells and blood factor pathways are inactivated, sinusoid endothelial cells
and the anatomical architecture of liver sinusoids become the third line
of defense that sequesters Ad particles in an RGD motif-dependent man-
ner. CL—clodronate liposomes; FX-bp—FX binding protein.
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Ad sequestration in the liver. When the Ad dose exceeds the capac-
ity of Kupfter cells to trap the virus, hepatocytes absorb blood-
born Ad particles in a blood factor-dependent manner, serving
as a second dominant mechanism mediating sequestration of
blood-born Ad. However, when the Ad dose is high and both the
Kupfer cells and blood factor pathways are inactivated, sinusoid
endothelial cells and the anatomical architecture of liver sinusoids
become the third line of defense that sequesters Ad particles in an
RGD motif-dependent manner.

To our knowledge, our study is the first demonstration of the
principal possibility of ablating the sequestration ofblood-born Ad
in the liver via specific inactivation of a defined set of mechanisms
that control this process. Because the molecular details mediat-
ing each of the mechanisms involved are emerging rapidly or are
already known, our model may provide the basis for the design of
novel, targeted, Ad-based vectors that will escape sequestration
in the liver after delivery via an intravascular route.

MATERIALS AND METHODS

Cells and viruses. A total of 293 (human embryonic kidney; Microbix,
Toronto, ON, Canada) cells for Ad propagation were grown in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal calf serum,
2 mmol/l L-glutamine, and 1x penicillin/streptomycin solution (Invitrogen,
Carlsbad, CA). Wild-type human Ad serotypes Ad3 (GB strain, VR3),
Adl14 (de Wit, VR15), Ad16 (Ch.79, VR17), and Ad35 (Holden strain,
VR-718) were purchased from the American Type Culture Collection
(Manassas, VA). The human Ad5, possessing intact wild-type Ad5 capsid,
was constructed previously and described in detail as Ad5GFP in ref. 48.
The Ad5-based vector Ad5/35S, with Ad35-derived fiber shaft and knob
domains, was previously constructed and described as Ad5GFP/F35 in ref.
48. The Ad5/35L, possessing Ad35-derived fiber knob domain, was previ-
ously constructed and described in ref. 49. Ad5SARGD and Ad5/35ARGD
are identical to Ad5 and Ad5/35L, but possess an RGD motif deletion in
the penton base protein. These vectors were previously constructed and
described in ref. 37. Infectivity of these vectors (virus particles-to-PFU
ratios) was also reported earlier for all analyzed vectors. Ad5*F and
Ad5*FARGD were kindly provided by Dr. Ramon Alemany (Barcelona,
Spain). Both of these Ad5-based vectors possess a single point Y477A
amino acid mutation within the fiber knob domain that abrogates virus
binding to CAR.* Ad5*FARGD also possesses an RGD motif deletion
within its penton base protein. Ad5 vector, AA5RFP, expressing REP was
kindly provided by Dr. Michael Barry (Rochester, MN).* All viruses were
amplified in 293 cells under conditions preventing cross contamination.
Viruses were banded in CsCl gradients; viral bands were collected, dia-
lyzed, and aliquoted as described elsewhere.”” Ad particle concentrations
were determined spectrophotometrically by measuring the optical density
at 260 nm, using the extinction coefficient for wild-type Ad5, A260 = 9.09 x
10" optical density ml cm virion™.

Ad infection in vivo. All experimental procedures involving animals were
conducted in accordance with the institutional guidelines set forth by the
University of Washington. C57Bl/6 mice were purchased from Charles
River Laboratories (Wilmington, MA). 3-integrin knockout mice, 33-KO
(stock #4669), and SR-A-KO mice (Msr17, stock #6096) were purchased
from Jackson Laboratory (Bar Harbor, ME). All mice were housed in
specific pathogen-free facilities. All wild-type viruses or Ad vectors were
injected into the tail vein of mice at a dose of 10" Ad particles (corresponds
to 5 x 10° PFU of Ad5 vector determined on 293 cells) in 200 pl of phos-
phate-buffered saline. For in vivo transduction studies, mice were sacrificed
1 or 48 hours post virus infusion and livers were processed for histologi-
cal analyses. For analysis of Ad genome accumulation in the liver tissue 1
and 24 hours after Ad vector administration into the tail vein, blood was
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flushed from the liver by cardiac saline perfusion, livers were harvested,
and total DNA was purified as described earlier." To inactivate vitamin
K-dependent blood coagulation factors, mice were injected with warfarin
twice, 72 and 24 hours before Ad administration. Warfarin was resus-
pended in peanut oil and 150 pg of warfarin per mouse per injection were
used as described elsewhere.” To eliminate Kupffer cells from the liver,
mice were injected with 200 pl of clodronate liposomes (clodronatelipo-
somes.org/) 48 hours before virus administration.* To analyze Ad liver cell
transduction by flow cytometry, liver cells were purified with collagenase
perfusion and plated on Primaria 6-well plates 24 hours after intravenous
virus injection. Next day, cells were detached from the plate using 2 mmol/l
EDTA solution and stained with anti-CD31 (endothelial cells), anti-
B2-integrin (cells of hematopoietic origin, including Kupffer cells and
circulating monocytes), or isotype control antibodies. Positive staining of
cells was analyzed by flow cytometry.

Analysis of Ad—Kupffer cell interaction in vivo. To analyze Ad interac-
tions with Kupffer cells, 10" virus particles were injected into the tail vein,
and 60 minutes later, livers were flushed with saline via cardiac perfusion,
harvested and immediately frozen in an optimal cutting temperature com-
pound. Frozen liver sections were fixed and stained with rat anti-mouse
F4/80 primary antibody (BD Biosciences, San Diego, CA) to detect Kupffer
cells. Specific binding of primary antibodies was visualized with secondary
anti-rat Alexa Fluor 488 antibody (green) (Molecular Probes, Eugene, OR).
To detect Ad particles, liver sections were stained with anti-hexon poly-
clonal antibody (Abcam, Cambridge, MA). The staining with biotinylated
anti-hexon primary antibody was developed with secondary Cy3-labeled
streptavidin which appears in red. To detect platelets and endothelial
cells on liver sections, antibodies to CD41 (platelets, clone MWReg30) or
CD31-FITC endothelial cells, clone MEC13.3 (both from BD Biosciences)
were used. Cell nuclei were counterstained with 1 pg/ml 4’,6-diamidino-2-
phenylindole (Sigma, St. Louis, MO).

Southern blot analyses. For analysis of Ad genomic DNA deposition and
persistence in mouse livers, isolation of total liver DNA and Southern anal-
ysis were performed as described elsewhere.* Briefly, at the indicated time
points, livers were harvested and total liver DNA was isolated using DNA
salting-out protocol, followed by phenol/chloroform and chloroform/
isoamyl alcohol purifications. Next, 10 ug of purified total liver DNA was
digested with HindIII endonuclease overnight and loaded onto 1% agarose
gel. After completion of electrophoretic separation of the DNA fragments,
they were transferred onto a Hybond-XL membrane (GE Healthcare,
Piscataway, NJ) and the membrane was hybridized with a **P-labeled
mouse B-glucuronidase (Gus) gene-specific probe to ensure equivalent
DNA loads. Gus-specific DNA for labeling was obtained by cutting mouse
Gus gene-containing plasmid with BamHI and EcoRI exonucleases to
generate 680-bp DNA fragment. The image of Gus-specific hybridization
was obtained by exposing the membrane to both a PhosphorImager screen
and an X-ray film. Next, the membrane was stripped off the Gus-specific
probe and rehybridized with an Ad-specific **P-labeled probe (8 kb HindlIII,
A-fragment, corresponding to the E2 region of the Ad genome). To analyze
deposition of genomic DNA in the liver for various human species B Ad
serotypes, we generated a E4 region-specific probe by amplifying a 200-
bp-long fragment of E4 region that is highly conserved at the DNA level
among analyzed serotypes using PCR and Ad35 genomic DNA as a tem-
plate. The image of the hybridization reaction was obtained by exposing
the membrane to a PhosphorImager screen and an X-ray film. The inten-
sity of Gus- and Ad-specific signals in PhosphorImager-collected images
were analyzed using manufacturer’s software.

Statistical analysis. All statistical analyses were done using an unpaired
two-sided Student’s ¢-test on Instat software. The data are expressed as
means * SD. The number of animals used in the experiments for each
individual condition varied from three to five and indicated in the figure
legends.
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SUPPLEMENTARY MATERIAL

Figure S1. Sequestration of blood-born Ad in the liver tissue after
intravenous virus injection.

Figure $2. Kupffer cell elimination does not prevent the sequestration
of blood-born Ad in the liver.
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