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Adenoviruses (Ad) are efficient vehicles for gene delivery in vitro and in vivo. Therefore, they are a promising
tool in gene therapy, particularly in the treatment of cancer and cardiovascular diseases. However, preclinical
and clinical studies undertaken during the last decade have revealed a series of problems that limit both the
safety and efficacy of Ad vectors, specifically after intravenous application. Major obstacles to clinical use
include innate toxicity and Ad sequestration by nontarget tissues. The factors and mechanisms underlying
these processes are poorly understood. The majority of intravenously injected Ad particles are sequestered by
the liver, which in turn causes an inflammatory response characterized by acute transaminitis and vascular
damage. Here, we describe a novel pathway that is used by Ad for infection of hepatocytes and Kupffer cells
upon intravenous virus application in mice. We found that blood factors play a major role in targeting Ad
vectors to hepatic cells. We demonstrated that coagulation factor IX and complement component C4-binding
protein can bind the Ad fiber knob domain and provide a bridge for virus uptake through cell surface heparan
sulfate proteoglycans and low-density lipoprotein receptor-related protein. An Ad vector, AdSmut, which
contained mutations in the fiber knob domain ablating blood factor binding, demonstrated significantly
reduced infection of liver cells and liver toxicity in vivo. This study contributes to a better understanding of
adenovirus-host interactions for intravenously applied vectors. It also provides a rationale for novel strategies
to target adenovirus vector to specific tissues and to reduce virus-associated toxicity after systemic application.

Adenoviruses (Ad) are nonenveloped viruses possessing a
linear, double-stranded DNA genome of about 35 kb. So far,
51 different serotypes of human Ads have been identified, and
they have been classified into six subgenera (groups A through
F). Early virological studies focused on C-group serotypes 2
and 5 (9, 17). Ad2 and Ad5 genomes have been modified and
corresponding recombinant viruses have been used for in vitro
and in vivo gene transfer for decades (for a review, see refer-
ence 33). First-generation Ad vectors have the viral E1 and E3
genes deleted. Newer generation vectors are devoid of all viral
genes (8, 25). Currently, adenovirus vectors are being used in
about one quarter of all gene therapy trials, predominantly for
the treatment of cancer (55). Despite the widespread clinical
application of Ads, the mechanisms governing Ad tropism in
vivo are poorly understood. In vitro studies suggest that direct
binding of the adenovirus fiber protein to a cellular receptor(s)
is the first and most critical step in virus infection (50). Ads
belonging to all subgroups except subgroup B utilize the cox-
sackie-adenovirus receptor (CAR) as a primary attachment
receptor for in vitro infection (42). However, in vivo, when Ad5
vectors are administered intravenously, CAR expression levels
do not correlate with the virus tissue distribution (14). More-
over, the introduction of mutations that abrogate CAR binding
does not significantly impact the level and pattern of Ad in-
fectivity in vivo (2, 13). Specifically, transduction of the liver,
which takes up the majority of intravenously applied Ad5 vec-
tors in mice (56) and in nonhuman primates (39), was as
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efficient with Ads ablated for CAR binding as with unmodified
vectors. These data indicate that the presence of CAR is not a
critical factor in determining susceptibility of tissues to Ad
infection in vivo. The lack of understanding of the mechanisms
underlying Ad in vivo tropism poses significant risks for sys-
temic application of Ad vectors and complicates strategies for
cell type-specific Ad targeting through capsid modification.

One of the greatest obstacles to the clinical application of
Ad vectors is the innate immune response towards the vector
(for a review, see reference 31). It occurs within 24 h of virus
administration and depends entirely on virus capsid interac-
tions with host cells (31). This phase is therefore seen for both
first-generation and helper-dependent Ad vectors (7). The in-
nate response is dose dependent and is characterized by com-
plement activation, production of proinflammatory cytokines/
chemokines (such as interleukin 6 [IL-6], IL-10, IL-8, tumor
necrosis factor alpha, gamma interferon [IFN-y], and macro-
phage inflammatory proteins 1 and 2) that can lead to vascular
damage, mobilization of tissue factors, and deadly systemic
inflammatory responses in animals (32, 36, 40, 43) and humans
(3, 11, 35, 41). It is thought that the uptake of Ad particles into
hepatic macrophages, Kupffer cells, and (to a lesser degree)
hepatocytes is causatively associated with innate Ad toxicity
(27, 28, 37). Although we showed recently that Ad uptake into
Kupffer cells is CAR independent (45), the precise mecha-
nisms for this process remained elusive.

After intravenous application, most of Ad particles are se-
questered by the liver (56). Once the reticuloendothelial sys-
tem of the liver is saturated, Ad transduces other cell types
(56). In animal models and humans, transgene expression after
systemic Ad5 vector administration is predominantly found in
the hepatocytes (10). While this might be beneficial for treat-
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ment of acquired or inherited liver or metabolic diseases, de-
targeting Ad tropism from hepatocytes is desirable for other
gene therapy applications such as treatment of disseminated
cancer or cardiovascular disease. To date, the attempts under-
taken to modify in vivo Ad tropism by abolishing CAR and/or
integrin interactions have not been successful (2, 26, 34, 51,
53).

In this study, we demonstrate that blood factors play a major
role in targeting Ad vectors to hepatic cells in vivo. We also
constructed a prototype vector, Ad5Smut, which is ablated for
blood factor binding. Intravenous application of this vector in
mice demonstrated significantly reduced liver cell infection
and toxicity. Our study provides a rationale for novel strategies
aimed towards construction of safe and efficient adenovirus
vectors targeted to diseased tissues after intravascular admin-
istration.

MATERIALS AND METHODS

Cells and viruses. 293 cells were from Microbix (Toronto, Canada). CHO-K1
(heparan sulfate proteoglycan [HSPG] expressing; ATCC CCL-61), CHO-
pgsA745 (HSPG negative; ATCC CCL-61), and human hepatoma HepG?2 cells
were from the American Type Culture Collection. Plated primary human hepa-
tocytes were from BioWhittaker (Walkersville, MD). Mouse embryo fibroblasts
(MEF) Irp*/* and MEF lIrp '/~ cells were kindly provided by Michael Gotthardt
(Max-Delbriick-Centrum fiir Molekulare Medizin [MDC], Berlin, Germany). All
cell lines were grown on Dulbecco’s modified Eagle’s medium, supplemented
with 10% fetal bovine serum. 293-DH26 cells were obtained by stable transfec-
tion of 293 cells with plasmid pDH.2 expressing the membrane-anchored scFv,
recognizing a six-His tag (12). Primary mouse hepatocytes were isolated by
collagenase perfusion (29) and cultured in Primaria dishes (Corning Corp.,
Acton, MA) in William’s E medium supplemented with 10% fetal bovine serum.
AdSL1 and Ad5#F express luciferase and green fluorescent protein (GFP);
and AdS5L2 and Ad5/35L express B-galactosidase from identical expression
cassettes. AdSL1 and Ad5+F are described elsewhere as AdSGFPLuc and
AdGFPLucY477Ax6H, respectively (2). Ad5+F contains a mutation that com-
promises CAR binding. The AdSmut virus contains the following mutations: the
Y477A mutation (2), a deletion of amino acids 489 to 492 (TAYT) in the FG
loop, a peptide insertion (SKCDCRGECFCD) into position 547 of the HI loop,
and a C-terminal six-histidine tag as described for Ad5=F (2). All viruses were
propagated on 293 or 293-DH26 cells and purified; titers for genomes and PFU
were determined as described elsewhere (48).

Ad infection in vitro. 293 and 293-DH26 cells (2.5 X 10°) were infected with
Ad5+F and Ad5Smut viruses at multiplicities of infection (MOIs) of 1,000 virus
particles per cell for 2 h in the presence or absence of coagulation factor IX
(FIX) or complement component C4-binding protein (C4BP). Twenty-four
hours postinfection (p.i.), cell transduction was assessed by GFP reporter gene
expression by flow cytometry. 2.5 X 10° CHO-K1, CHO-pgsA745, MEF Ip™/™,
and MEF Irp~/~ cells were infected at an MOI of 1,000 virus particles/cell with
or without FIX (3 U/ml) in 300 pl saline. Two hours later, the virus-containing
saline was replaced by growth medium. Reporter gene activity was analyzed 48 h
later. HepG2 and DH-26 cells and primary human or mouse hepatocytes were
infected with indicated Ads at an MOI of 1,000 virus particles/cell with or without
C4BP (150 pg/ml) or FIX (1 U/ml) in 300 pl saline. Two hours later, the
virus-containing saline was replaced by growth medium. Reporter gene activity
was analyzed 48 h later. In competition studies, human lactoferrin (0.5 mg/ml) or
heparin (10 U/ml) was used.

Ad infection in vivo. All experimental procedures were conducted in accor-
dance with the institutional guidelines set forth by the University of Washington.
Mice were housed in specific pathogen-free facilities. Ads were injected either
into the portal vein through a permanently placed catheter or into the tail vein
at a dose of 10" viral particles/mouse in 200 pl saline. C57BL/6 mice were
purchased from the Jackson Laboratory (Bar Harbor, Maine) and C57BL/6
FIX-knockout mice were kindly provided by Katherine High (Children’s Hospi-
tal of Philadelphia, Philadelphia, PA).

To analyze the role of blood factors in liver transduction by Ads, in the
with-blood setting, liver was flushed with Hanks’ balanced salt solution 15 min-
utes after Ad infusion, followed by collagenase perfusion to isolate and culture
hepatocytes for analysis of reporter gene expression. Routinely, cell preparations
had <5% contamination with other liver cell types (44). In without-blood set-
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tings, the vena porta and vena cava inferior were canulated and blood was
flushed from the liver through the portal vein with 20 ml of phosphate-buffered
saline using a low-speed peristaltic pump. After 10 min of continuous flushing,
the liver color changed from dark brown to light brown-yellow, demonstrating
that most of the blood was efficiently removed from the liver. Virus infection
studies were started when the liver flowthrough, collected from the vena cava
inferior, was free of blood. (Notably, no blood cells were found in liver sections
harvested upon flushing with 20 ml phosphate-buffered saline.) Next, virus (2.5 X
10! viral particles/ml) in 8 ml of saline was infused through the portal vein and
the circulation between the vena porta and vena cava was closed, allowing
asanguinous, isolated liver perfusion (at 37°C). Thirty minutes after virus appli-
cation, hepatocytes were isolated by collagenase perfusion. In both settings,
reporter gene expression in plated hepatocytes was analyzed 48 h postinfection.

In vivo competition studies were done by preinjecting polymerized bovine
serum albumin (pBSA) at 1 mg/mouse, asialofetuin at 0.5 mg/mouse, human
low-density lipoprotein (hLDL) at 0.5 mg of protein/mouse, lactoferrin at 1
mg/mouse, or saline (as a control) 5 min before virus administration into the
portal vein. The reporter gene in hepatocyte expression was analyzed as de-
scribed above. Heparinase I (30 U per mouse) was administrated into the tail
vein 30 min before virus injection.

Analysis of adenovirus-Kupffer cell interaction in vivo. To analyze Ad inter-
actions with Kupffer cells, Ads were labeled with fluorophore Cy-3 (45, 47).
Fluorophore-labeled Ads (10'! particles) were injected into the tail vein, and 30
min later, livers were flushed with saline via cardiac perfusion, harvested, and
immediately frozen in optimal cutting temperature compound. Frozen liver
sections either remained unstained or were stained with rat anti-mouse CD45 or
F4/80 primary antibody (BD Biosciences, Palo Alto, CA) to detect Kupffer cells.
Specific binding of primary antibodies was visualized with secondary anti-rat
Alexa Flour 488 antibody (Molecular Probes, Inc., Eugene, OR).

Southern blot analysis. Seventy-two hours post virus administration into the
tail vein, liver DNA (1 pg) was analyzed by Southern blotting to determine the
prevalence of Ad genomic DNA in the liver tissue as described previously (46).
Equivalent loading was assessed by hybridization of the membranes with a mouse
B-glucuronidase-specific probe.

Mass spectrometry analysis. Recombinant Ad5 and Ad35 fiber knob domains
were expressed in Escherichia coli and purified as described previously (49).
Fiber knobs were conjugated to Ni-agarose beads via a C-terminal six-His tag
and incubated with EDTA-preserved fresh mouse plasma for 1 h at 4°C. Next,
beads were pelleted and washed five times with saline, and knob-interacting
plasma proteins were eluted with 8 M urea. Eluted proteins were then concen-
trated using Centricon centrifugation YM3000 filter units (Millipore Corp., Bed-
ford, MA); after digestion with trypsin, the proteins were subjected to tandem
mass spectrometry analysis (University of Washington Mass Spectrometry Core
Facility). The mass spectrometry analysis data were processed using Mascot
search software (http://www.matrixscience.com) and the NCBInr database (re-
vision date, 20040304).

Analysis of levels of proinflammatory cytokines and aminotransferases in
mouse plasma. Plasma levels of proinflammatory cytokines were analyzed 6 h
after intravenous Ad administration. Blood samples were collected into heparin-
treated Eppendorf tubes, and plasma was obtained and stored at —80°C in small
aliquots. To measure cytokine-chemokine concentrations, a Mouse Inflamma-
tory Cytometric Bead Array (BD Biosciences, Palo Alto, CA) was used according
to the manufacturer’s protocol. For each Ad vector, plasma samples were ob-
tained from at least three mice and were analyzed in duplicate. To measure
plasma levels of alanine aminotransferase (ALT), a colorimetric ALT detection
kit (TECO Diagnostics, Anaheim, CA) was used according to the manufacturer’s
protocol. Measurement of ALT levels was performed in duplicate using plasma
samples obtained from at least three mice per treatment.

Statistical analyses. All statistical analyses were done using unpaired two
sided Student’s ¢ test on Instat software. The data are expressed as means *
standard deviation. The number of animals used in experiments varied from
three to eight and is indicated for each experimental condition in the figure
legends.

RESULTS

Infection of liver cells with Ad in vivo and in vitro. To an-
alyze Ad liver cell infection in vivo, we used AdS5-based vectors
containing fiber knob domains derived from Ad5 (Ad5L vec-
tor, subgroup C, CAR interacting) (42), and Ad35 (Ad5/35L
vector subgroup B, non-CAR interacting) (48). Vectors with
Ad35 fiber knob domain recognize CD46 as a primary attach-
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ment receptor (16). At 1 h after intravenous Ad administra-
tion, the vast majority of both fluorophore Cy-3-labeled AdSL
and Ad5/35L particles were found in association with Kupffer
cells. Kupffer cells were identified by positive staining for
CD45 (Fig. 1A, left) (58), the macrophage-specific marker
F4/80 (data not shown), and their sensitivity to gadolinium
chloride (GdCly) (Fig. 1A, right two panels) (18). Since Cy-3-
labeled capsid proteins are degraded over time, virus distribu-
tion in normal nontreated animals at day 3 p.i. was assessed
based on Ad-mediated transgene expression (Fig. 1B). At this
time point, GFP reporter gene expression was detectable only
in hepatocytes but not in the Kupffer cells (Fig. 1B, right two
panels) or in CD31%" vascular endothelial cells (data not
shown). To further analyze Ad liver cell infection in vitro and
in vivo, we quantified vector genomic DNA and transgene
expression at different times post virus administration. Quan-
titative Southern blot analysis demonstrated comparable levels
of AdSL and Ad5/35L genomes in the liver at 1 h and 24 h post
virus administration (Fig. 1C). Quantification of B-galactosi-
dase reporter gene expression revealed that both AdSL and
Ad5/35L vectors expressed similar levels of the transgene after
intravenous application (Fig. 1D, “Infection in vivo” bars).

Surprisingly, although the non-CAR interacting Ad5/35L
vector efficiently transduced hepatocytes in vivo (Fig. 1B), it
could neither bind to (data not shown) nor transduce primary
mouse hepatocytes in vitro (Fig. 1D, “Infection in vitro” bars,
and Fig. 1E). This implies the existence of a novel CAR-
independent mechanism for Ad infection of hepatocytes in
vivo. We hypothesized that a factor(s) present only in vivo,
specifically, a blood factor(s), serves as a bridge between the
virus and the cell surface, allowing for efficient Ad infection of
liver cells in vivo.

Blood factors mediate CAR-independent hepatocyte infec-
tion in vivo. To assess the contribution of blood factors to liver
transduction, we employed an in situ perfusion technique that
allows for vascular exclusion of the liver and analysis of gene
delivery to hepatic cells in the absence of blood (see Materials
and Methods for details) (5, 56). In vivo transduction was
analyzed for the native CAR-binding AdS-based vectors,
AdSL1 (expressing GFP and luciferase) and AdSL2 (express-
ing B-galactosidase), and compared to transduction of non-
CAR-binding vectors, Ad5*F (expressing GFP and luciferase)
and Ad5/35L (expressing B-galactosidase). Ad5*F corresponds
to AdSL; however, it has a single point mutation in the fiber
knob domain (amino acids 477 Y— A) that compromises CAR
binding (2). As expected from the studies shown in Fig. 1B,
upon vector infusion in the presence of blood, reporter gene
expression in hepatocytes was comparable for CAR-interacting
(Ad5L1/2) and non-CAR-interacting (Ad5*F and Ad5/35L)
vectors (Fig. 2A and B). However, liver perfusion in the ab-
sence of blood resulted in 2 to 3 orders of magnitude less
efficient hepatocyte transduction with non-CAR-interacting
vectors than corresponding CAR binding controls (Fig. 2B and
C). Ad5L1/2 efficiently transduced hepatocytes in the absence
of blood, most likely through interaction with CAR. In con-
clusion, these data demonstrate that liver uptake of AdS vec-
tors occurs through two different mechanisms: via interaction
with CAR and by a novel, CAR-independent mechanism me-
diated by blood factors. In the following studies, we employed
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the non-CAR-interacting vectors Ad5/35L and AdSFx as tools
to investigate the blood factor-mediated pathway.

Ad-blood factor complexes enter liver cells via heparan sul-
fate proteoglycans and LDL receptor-related protein (LRP).
To identify the cellular receptor(s) involved in binding and
uptake of the complex(es) formed between Ad and the puta-
tive blood factor(s), we injected a number of ligands for known
hepatocellular receptors intravenously into mice to test wheth-
er they could compete with Ad infection in vivo. These ligands
included polymerized BSA to saturate the scavenger receptor
SR-BI (54), asialofetuin to saturate the asialoglycoprotein re-
ceptor (57), human LDL to saturate the LDL receptor
(LDLR) (6), and lactoferrin to saturate the LRP as well as
HSPG (19, 24) (Fig. 3A). Among the ligands analyzed, only
lactoferrin strongly inhibited infection with Ad5*F (>50-fold
reduction in reporter gene activity) and AdS5/35L (>600-fold
reduction), whereas the efficiency of Ad5L infection was re-
duced by only 8 fold (P < 0.001). To test whether the LDLR
could serve as a receptor for the Ad blood factor complexes,
the in vivo infectivity of the non-CAR-binding Ad5*F and
Ad5/35L vectors in wild-type and ldlr—/~ mice (6) was com-
pared (Fig. 3B). The absence of LDLR expression in hepato-
cytes did not affect transduction with these vectors to the ex-
tent of the competition with lactoferrin in wild-type mice.
Injection of ldlr '~ mice with lactoferrin reduced the efficiency
of gene transfer to a degree similar to that seen with wild-type
mice. This result suggests that a lactoferrin-interacting recep-
tor(s) provides a major contribution to Ad liver transduction.
The observed reduction of Ad infectivity in ldlr—/~ mice could
be due to elevated blood LDL levels, which interfere with
function of the lactoferrin receptors, LRP and HSPG (19, 20,
24). The involvement of ApoE-containing lipoproteins or chy-
lomicrons in Ad infection in vivo was excluded by administer-
ing viruses into ldlr~'~JapoE~'~ double-knockout mice (23)
(Fig. 3B), where reporter gene activities were not further re-
duced compared to Ldlr ~'~ mice.

Lactoferrin is a natural antimicrobial and antiviral agent
(60). To exclude that lactoferrin inactivates Ad or redirects it
to nonhepatic tissues in vivo, we measured the amount of
infectious Ad5*F virus present in the blood with and without
preinjection of lactoferrin. Fifteen minutes after Ad5*F ad-
ministration without lactoferrin, >75% of vector was removed
from the circulation, whereas <30% of virus was removed
upon preinjection of lactoferrin. Since the majority of admin-
istered virus remained in the circulation in lactoferrin-prein-
jected animals, these data indicate that lactoferrin did not
mediate significant sequestration to nonhepatic tissues (Fig.
3C). The infectivity of Ad5*F (as determined with 293-DH26
cells) was comparable in blood samples from mice with and
without lactoferrin pretreatment (data not shown).

Lactoferrin binds to both LRP and HSPG (57). Because
LRP knockout status in mice is lethal (22), we tested the role
of HSPG as a potential receptor for Ad infection in vivo. It has
been shown that injection of heparinase in vivo dramatically
reduces clearance of proteins from blood whose catabolism
depends on HSPG (22). According to the protocols used in
these studies, wild-type mice were injected with heparinase,
followed by virus administration (Fig. 3D). The reporter gene
activities in hepatocytes harvested and cultured after AdS+F
and Ad5/35L infection were almost 2 orders of magnitude
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FIG. 1. Liver cell transduction with Ads in vivo and in vitro. Indicated Ads were injected into the tail vein of C57BL/6 mice. Livers of mice
injected with Cy3-labeled AdSL and Ad5/35L vectors were recovered 1 h (A) and 3 days (B) after virus administration. (A) Frozen liver sections
either remained unstained or were stained with anti-mouse CD45 antibody (green) to detect Kupffer cells. Cy-3-labeled Ad particles appear in red.
In settings with GdCl;, two doses of the drug were injected into mice 30 h and 6 h before Ad administration as described earlier (16). Note a
significant reduction in virus accumulation within Kupffer cells after treatment of mice with GdCl; (right). GdCl; functionally inactivates Kupffer
cells. (B) Paraffin sections of mouse livers 3 days after Ad virus administration were stained with hematoxilin-eosin (left) or stained with anti-GFP
monoclonal antibody (brown). Kupffer cells are indicated by arrows. Note that GFP expression was detected in hepatocytes but not in Kupffer cells.
(C) Southern blot analysis of Ad genomes in liver tissue 1 h and 24 h post virus administration. Mice were injected with saline (control) or AdSL
or Ad5/35L vectors. At the indicated time points, livers were recovered, and total DNA was purified and subjected to Southern blot analysis. For
quantitative assessment of the data, equivalent loads of genomic DNA were confirmed by hybridization of the membranes with a probe specific
for the mouse B-glucuronidase gene (GUS). After exposure to X-ray film, membranes were stripped and rehybridized with an Ad-specific probe
to determine the levels of vector DNA associated with liver cells (Ad). (D) B-Galactosidase reporter gene activity in liver tissue (“Infection in vivo”
bars), following intravenous administration of indicated Ad vectors or in purified mouse hepatocytes infected with Ad in vitro (“Infection in vitro”
bars). (E) Purified mouse hepatocytes were infected with indicated Ad vectors and 48 h later stained in situ for B-galactosidase activity.
Representative fields are shown. Studies shown in panels B through E were done with mice without GdCl; treatment.
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FIG. 2. The role of blood factors in Ad transduction of hepatocytes in vivo. (A) Ad5L1 and Ad5=F express GFP and luciferase as reporters.
(B) Ad5L2 and Ad5/35L express B-galactosidase (B-Gal) as a reporter. In the with-blood setting, Ad5L1/2, Ad5/35L, or Ad5+F was injected into
the portal vein through a permanently placed catheter. Fifteen minutes later, hepatocytes were isolated for culture and analysis of reporter gene
expression. In without-blood settings, the portal vein and vena cava inferior were canulated and blood was flushed from the liver through the portal
vein. Virus was infused through the portal vein and the circulation between vena porta and vena cava was closed, allowing asanguinous isolated
liver perfusion with virus-containing saline. Thirty minutes after virus application, hepatocyes were isolated by collagenase perfusion. In both
settings, reporter gene expression in plated hepatocytes was analyzed 48 h postinfection. Four mice per group were analyzed for AdSL1, AdS+F,
Ad5L2 and Ad5/35L variants with blood and for Ad5L1 without blood. Five mice per group were analyzed for Ad5SL2 variant without blood, and
seven and eight mice per group were analyzed for Ad5+F and Ad5/35L variants without blood, respectively. #*, P < 0.001. There were no
statistically significant differences between other paired variants. (C) Hepatocyte transduction with GFP-expressing Ad viruses (UV fluorescence).
(D) Hepatocyte transduction with B-galactosidase-expressing Ad viruses after histochemical staining with X-galactosidase.

lower in mice pretreated with heparinase than in untreated
controls. At the same time, transduction with CAR-interacting
Ad5L was not dramatically affected by heparinase treatment.
These data indicate that HSPG represents a major cellular
receptor, enabling Ad5+F and Ad5/35L to transduce hepato-
cytes in the presence of blood.

Multiple blood factors bind Ad fiber knob domain and can
mediate liver cell infection in vivo. HSPG and LRP interact in
vivo with a large variety of structurally unrelated ligands. To
identify blood factors interacting with Ad, mouse plasma pro-
teins were precipitated with both Ad5 and Ad35 fiber knob
domains and analyzed by tandem mass spectrometry. We iden-
tified several knob-interacting proteins that are present in
plasma at high concentrations (Table 1 and Fig. 4A and B).
Additionally, we screened a number of purified recombinant
HSPG-LPR ligands (coagulation factors VIII, IX, and X; tis-
sue factor pathway inhibitor; and antithrombin III) for their
ability to bind to Ad knobs by slot blot assays (Fig. 4C). These
ligands are less abundant in plasma and, therefore, difficult to
detect by the coprecipitation approach. From all identified
knob-binding plasma proteins that were available as recombi-
nant proteins, only human coagulation FIX (identified by a slot
blot assay) and complement component C4BP (identified by
tandem mass spectrometry) conferred CAR-independent Ad
infection of HSPG-LRP-expressing immortalized and primary
human hepatocytes in vitro (Fig. 5). Importantly, both FIX and
C4BP were used at or less than physiological concentrations.

We further demonstrated that the infectivity of non-CAR-
interacting Ads correlated with the dose of FIX or C4BP and
could be efficiently inhibited by lactoferrin and heparin, which
bind HSPGs and block the receptor recognition epitopes on
activated FIX (38) and C4BP, respectively. With HSPG-LRP-
expressing murine cells, however, only human FIX but not
human recombinant C4BP (data not shown) allowed for effi-
cient cell transduction with Ad5+F and Ad5/35L (Fig. 6A and
B), which might be due to species specificity in human recom-
binant C4BP-mouse HSPG-LRP interactions. To demonstrate
involvement of blood factors in liver cell transduction in mice,
we therefore focused on FIX. We perfused mouse livers with
Ad5L1/2, Ad5+F, or Ad5/35L virus containing saline with and
without supplementation with FIX or human factor X (FX) (as
a negative control) (Fig. 6C). Supplementation of saline with
FIX allowed for the transduction of hepatocytes with the non-
CAR-interacting Ad5*F and Ad5/35L viruses to levels compa-
rable with Ad5L1/2 (P < 0.001).

Our recent data indicate that Ad accumulation in Kupffer
cells is mediated by the fiber knob domain but does not depend
on virus interaction with CAR (45). To test whether Kupffer
cells trap Ad via a blood factor-dependent pathway, we per-
fused mouse livers with saline containing Cy3-fluorochrome-
labeled AdSL or Ad5/35L vectors. While perfusion of mouse
livers with virus-containing saline did not demonstrate consid-
erable accumulation of virus in Kupffer cells, addition of FIX
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FIG. 3. Analysis of hepatocellular receptors mediating the uptake of complexes between Ad and blood factors. (A) Competition of Ad infection
with different ligands to hepatocellular receptors. The indicated competitors or saline (as a control) were injected into the portal vein through a
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the lactoferrin group, there was a significant difference in hepatocyte transduction compared to the control group (P < 0.001). (B) Analysis of
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four mice per group were analyzed for Ad5L1/2, and five mice per group were analyzed for AdSF+ and Ad5/35L (heparinase treated) groups. *,
P < 0.01; =, P < 0.001.

resulted in significantly increased virus accumulation in Kupffer

cells (Fig. 6D and E).

The use of FIX or C4BP knockout mice should enable as-
sessment of the relative contribution of FIX or C4BP in CAR-
independent Ad liver cell transduction in vivo. Since C4BP
knockout animals were not available, we focused on FIX
knockout mice (30). In these mice, the translation initiation
site and the first three exons of the FIX gene were deleted,
resulting in a lack of functionally active FIX in the blood. We
injected AdS+F and Ad5/35L vectors into FIX knockout and
strain-matched wild-type mice and analyzed the amount of
vector DNA present in the liver at 72 h postinfusion by quan-
titative Southern blotting. This analysis revealed that there was
no significant difference between the amounts of Ad5+F or
Ad5/35L vector DNA in the liver of wild-type or FIX knockout
mice (Fig. 7A). Histological evaluation of GFP reporter gene
expression corroborated the Southern blot analysis data and
showed that CAR-binding ablated Ad5+F (Fig. 7B) and Ad5/
35L (data not shown) vectors expressed GFP with equal effi-
ciency in hepatocytes of both wild-type and FIX knockout

TABLE 1. Plasma proteins precipitated with Ad fiber knob domain,
identified by tandem mass spectrometry

No. of

Identified protein gi no.* peptides ]:iz‘:;f L]E:Z];ig(}
matched

Fibrinogen, B polypeptide 33859809 7 524 No
Pzp 34785996 9 466 Yes
Fibrinogen, vy polypeptide 19527078 4 240 No
Proteinase inhibitor, clade A 6678079 3 215 Yes
Complement C3 1352102 5 208 Yes
Ceruloplasmin 6680997 4 180 No
Hemopexin 1881768 3 129 No
Fibrinogen, a polypeptide 33563252 2 115 No
C4-binding protein 309119 3 107 Yes
Complement C4 50242 2 98 No
a-1-Proteinase inhibitor 2 2118392 3 92 Yes
Es-1 plasma protein 22135640 1 34 ?

“ gi, protein sequence identification number (GenBank); Mowse score, indi-
vidual ion scores of >32 indicate identity or extensive homology to a particular
protein in the database with a probability of P < 0.05. Protein scores are derived
from ions scores as a nonprobabilistic basis for ranking proteins hits. Only
proteins with a Mowse score of >32 are shown. ?, data not available.
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animals. While our data undoubtedly demonstrate that FIX
allows for CAR-independent Ad infection of mouse hepato-
cytes and Kupffer cells in vitro and in vivo and human hepa-
tocytes in vitro, the data obtained with FIX knockout mice
suggest that other blood factors, like C4BP, contribute to in
vivo transduction of liver cells.

A mutant Ad ablated for binding to CAR and blood factors
does not efficiently transduce liver cells and demonstrates
reduced hepatotoxicity in vivo. To ultimately prove the in-
volvement of blood factors in Ad liver cell transduction in vivo,
we generated an Ad vector possessing mutations within its
knob domain that interfere with binding to both C4BP and
FIX. Based on the three-dimensional structure of Ad5 fiber
knob domain (59), we modified exposed areas within the knob
and generated a set of mutant fiber knob domains. In a first
screening step, mutant knobs were tested for their inability to
bind to FIX and C4BP by slot blot assays (data not shown). For
selected mutants, recombinant Ad vectors were generated.
The following modifications (Fig. 8A) were found to signifi-
cantly reduce binding to CAR, C4BP, and FIX and at the same
time to allow for virus production. (i) The Y477A single point
mutation ablated Ad binding to CAR. (ii) The FG loop dele-
tion (ATAYT) was predicted to change the overall conforma-
tion of the knob domain without disturbing its ability to trim-

erize. (iii) The HI loop was extended by inserting a 12-amino-
acid-long heterologous peptide (position 547) to create
additional sterical hindrances, preventing interaction with nat-
ural ligands. The C terminus of the mutant fiber knob also
contained a six-histidine tag that allowed for the purification of
recombinant knob and for propagation of a corresponding
virus. An Ad vector containing the mutated knob, Ad5mut, was
rescued and amplified to high titers on 293-DH26 cells, ex-
pressing anti-six-His tag antibody as novel Ad receptor (12).
The fact that AdSmut efficiently infects 293-DH26 cells (Fig.
8B and C and Fig. 9A) demonstrates that this virus is viable
and can use the artificial receptor to gain cell entry. At the
same time, AdSmut was unable to efficiently infect cells in vitro
that did not express the artificial receptor (HepG2 cells), and
addition of FIX or C4BP did not restore its infectivity, in
contrast to Ad5=F (Fig. 9A).

To evaluate the ability of AdSmut virus to infect liver cells in
vivo, we injected 10! particles of Ad5L1, Ad5/35L-GFP, and
Ad5Smut vectors intravenously into mice. Southern blot analysis
for vector genomes performed 72 h p.i. demonstrated that,
compared to AdSL1 and Ad5/35L, about 50-fold less AdSmut
vector was present in the liver (Fig. 9B, top). Analysis of GFP
expression on liver section corroborated the Southern blot
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milliliter, where 150 pg/ml corresponds to the physiological concentration of C4BP in plasma), with four mice per group analyzed. (C) Expression
of the GFP gene in human hepatoma HepG2 cells infected with Ad5+F in the presence of C4BP and different competitors 24 h post virus infection.
Infections were done as described for panel B and in Materials and Methods. Cell nuclei were counterstained with DAPI (4-,6-diamidino-2-
phenylindole) (blue). Representative fields with similar cell densities are shown. (D) Expression of GFP in primary human hepatocytes infected
with Ad5+F in the presence of FIX and different competitors 24 h post virus infection. Infections were done as described for panel A and in
Materials and Methods. Representative fields are shown. Upper panels demonstrate cells illuminated by UV light; lower panels demonstrate the
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data and showed transduction of only sparse hepatocytes with
Ad5mut (Fig. 9B, bottom).

To evaluate whether the fiber knob mutations introduced
into AdSmut also affected uptake into Kupffer cells, the distri-
bution of Cy-3-labeled Ads on liver sections was analyzed 30
min after isolated liver perfusion or tail vein injection (Fig.
9C). As anticipated, in the absence of blood factors, both

Ad5L1 and AdSmut were not taken up by Kupffer cells (Fig.
9C, “perfusion with saline”). In the presence of blood and
following tail vein injection, Ad5L1 (Fig. 9C, left) and Ad5/35L
(data not shown) efficiently accumulated in Kupffer cells (Fig.
9C, “injection i.v.”). In contrast, Ad5mut, while detectable
throughout the liver parenchyma, did not significantly colocal-
ize with Kupffer cell-specific F4/80 antigen staining (Fig. 9C,



7486 SHAYAKHMETOV ET AL.

A 10E5 L - 10ES

_ BAds/35L| 2
3 0 AdSF* P
- g
Enlum o =+ 10E4 5
= g
Fl g
- =
2 10E3 1 T8 g
& kS
= [
3 _ &
10E2 . ' ' 10E2
HSPG+ HSPG+ HSPG- HSPG-
+FIX +FIX
10000 = 10000
¥ B AdSF*
= O Ad5L
8 1% 1| wads/3sL e
i3
:s' 100 4 100
<
10 + + 10
Control +FX
E =
£
£
‘E "]0 x%
3 “:é 80
E 560
<& w0
gpﬁ 20
g 0
E) Saline Saline+ FIX

J. VIROL.

B

10ES - - 10ES
3 % Ad5/35L <
o O AdS*F o
S0 10F4 o +10F4 E
E E
=1 -]
g <
. H
£ 1083 4 Liogs =
- i

+FIX +FIX

AdSL AdS/35L

Saline

Saline+FIX

| +
g
=1
-
>
S

FIG. 6. Interaction of Ad with coagulation FIX mediates CAR-independent infection of mouse cells in vitro and ex vivo. (A) Transduction of
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(Ip~'7) cells by Ad5F# or Ad5/35L with or without FIX. (C) Isolated, asanguinous liver perfusion of C57BL/6 mice with virus or saline plus human
FX or FIX (1 U/ml). After virus perfusion, hepatocytes were isolated, and transgene expression was analyzed, with four mice analyzed for each
virus group. **, P < 0.001. (D) Accumulation of Cy3-labeled Ad5L and Ad5/35L viruses (red) in F4/80-positive Kupffer cells (green) on liver
sections 30 min after isolated liver perfusion with virus-containing saline with and without the addition of FIX. Note the absence of both Ad5L
and Ad5/35L virus association with Kupffer cells when the livers were perfused in the absence of FIX. Representative fields of livers are shown,
with three samples analyzed. (E) Quantitative representation of Ad accumulation in Kuppfer cells in mouse livers perfused with or without addition
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pathologists. At least 10 liver sections per experimental group were utilized to collect the data for statistical analysis. #*, P < 0.01.

“injection i.v.” variant). To assess whether reduced accumula-
tion in Kupffer cells and hepatocytes of AdSmut in vivo re-
sulted in reduced hepatotoxicity, we measured plasma ALT
levels. Tail vein injection of 10'" virus particles of Ad5L and
Ad5/35L triggered elevation of ALT levels. In contrast, ALT
levels after infusion of AdSmut were comparable to those in
mice injected with saline (Fig. 9D). We also analyzed plasma
levels of key proinflammatory cytokines 6 h after intravenous
administration of Ad5L, Ad5/35L, or Ad5mut vectors. The lev-

els of IFN-y and IL-6 were significantly elevated, following
administration of AdSL (Fig. 10) and Ad5/35L (data not
shown) vectors. In contrast, levels of these cytokines after
administration of AdSmut virus were up-regulated much less
(Fig. 10). Taken together, Ad5mut, a vector that is able to
utilize an artificial receptor for infection in vitro, is unable to
bind blood factors and infect hepatocytes and Kupffer cells
after intravenous administration and consequently does not
induce liver toxicity.
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FIG. 7. Accumulation of Ad genomic DNA in liver tissue and transduction of hepatocytes after vector administration into wild-type and FIX
knockout mice. (A) Analysis of Ad5*F genomic DNA accumulation in liver tissue of wild-type or FIX knockout mice 72 h post vector adminis-
tration, as determined by quantitative Southern blotting as shown in Fig. 1C. (B) Histological analysis of hepatocyte transduction after intravenous
administration of Ad5*F vector to wild-type or FIX knockout mice. All procedures were done as described in Materials and Methods and in the

legend to Fig. 1B.

DISCUSSION

A new pathway for Ad liver transduction. In this study, we
describe a new pathway utilized by Ad for infection of liver,
which is the organ predominantly transduced after systemic
virus application. Our data challenge the currently accepted
model of Ad infection that is based mostly on in vitro analyses.
According to this model, Ad infects cells in a two-step process
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(42). The first and limiting step is the binding of Ad fibers to
the primary cell surface receptor. Next, RGD motifs within the
Ad penton base interact with cellular integrins, allowing for
internalization of the attached virus particles into the cell. An
important consequence of this model was the generalization
that cells that do not efficiently express the primary attachment
receptor(s) would be refractory to Ad infection. Here, we dem-
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FIG. 8. Fiber structure of Ad mutated for binding to CAR and blood factors and its biological activity. (A) Schematic representations of
mutations introduced into the Ad5L fiber knob domain ablating its binding to both CAR and blood factors. (B) Quantitative Southern blot analysis
of purified Ad5*F and Ad5mut vector stocks. Virus DNA purified from 10 pl of vector stock was applied (in twofold serial dilutions) on an agarose
gel together with serial dilutions of standard DNA (linearized adenovirus genome-containing plasmid). After hybridization with a 3?P-labeled
Ad-specific DNA probe and quantitation of signals with a phosphorimager, the concentrations of the indicated viruses were calculated. The
concentration for Ad5*F was 8.6 X 10'? virus particles per ml and the concentration for AdSmut was 6.8 X 10 virus particles per ml.
(C) Transduction of 293-DH26 cells with Ad5+F and AdSmut vectors. (Averages and standard deviations for three independent experiments are
shown.) For all further studies, an MOI of 1,000 virus particles per cell was used.
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vectors or saline, with five mice analyzed per group.

onstrated that Ads, which were unable to infect hepatocytes in
vitro, due to an inability to interact with CAR, efficiently in-
fected hepatocytes in vivo. Based on our findings, we propose
a new model in which in vivo infection of hepatic cells by Ads
occurs through binding of viral particles to blood factors, in
particular to coagulation FIX and the complement factor
C4BP, and redirecting these complexes to hepatocellular re-
ceptors, including HSPGs and LPR (Fig. 11). This model has

significant implications for current efforts utilizing systemically
applied Ad vectors for in vivo gene therapy. This model is also
in conflict with recent papers by Smith et al. reporting that the
KKTK motif present within the AdS fiber shaft directly inter-
acts with HSPGs, thus enabling Ad to infect liver cells in vivo
(52, 53). Our data demonstrate that Ad vectors containing the
intact Ad5 fiber shaft (Ad5/35L and especially AdSF:, possess-
ing only a single point mutation within an exposed loop of Ad
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and Methods (four mice per group).

knob) are unable to infect hepatocytes in vivo in the absence of
blood factors, arguing against a major role of the fiber shaft
motif in Ad infection in vivo.

Our studies with Ads containing modified fibers possessing
AdS5 or Ad35 (subgroup C and B, respectively) knob domains
suggest that this new pathway can be utilized by different Ad
serotypes. A crucial role of virus interaction with blood factors
in viral pathogenesis was suggested for several members of the
Flaviviridae family, including hepatitis C and dengue viruses (1,

21). Considering our data, adenoviruses are a new addition to
the list of viruses that may utilize an indirect mechanism of
target cell infection. It is apparent that Ads use multiple path-
ways for infection in vivo, which may represent an evolutionary
mechanism to extend the spectrum of target cells. However,
the importance of this finding for natural Ad pathogenicity
remains to be determined.

Ad uptake into Kupffer cells and Ad-associated toxicity. Our
data suggest that while infection of hepatocytes involves both
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the CAR- and blood factor-mediated pathway, uptake of Ad
vectors into Kupffer cells is CAR independent and mediated by
blood factors. The identification of a mechanism for Ad uptake
by Kupffer cells has important practical implications. Uptake
of Ad particles into Kupffer cells is associated with release and/
or production of proinflammatory cytokines, which directly or
indirectly (via activation of other cell types of the reticuloen-
dothelial system) are responsible in turn for toxic side effects
observed after the intravenous injection of Ad vectors in ani-
mals and humans. Consequently, preventing Kupffer cell acti-
vation by blocking the pathways involved in Ad binding and
uptake will improve the safety profile of Ad vectors. We showed
in this study that an Ad vector ablated for binding to FIX and
C4BP (Ad5mut) demonstrated reduced hepatic and innate tox-
icity after systemic application. Importantly, AdSmut is a re-
targeted vector; it possesses a six-His ligand linked on the fiber
C terminus, which allowed efficient infection of cells expressing
membrane-anchored single-chain anti-His antibody (serving as
an artificial virus attachment receptor). Notably, it is unclear
whether the FIX/C4BP-mediated pathway is also dominant in
the presence of anti-Ad antibodies, which could mediate Ad
uptake via Fc receptors present on Kupffer cells.

Because our study was limited to factors that were either
commercially available or provided by other investigators as
purified recombinant proteins, the role of other blood factors
or their complexes in liver uptake cannot be excluded. In this
context, however, it is worth noting that the specific mutations
introduced into the fiber knob domain were sufficient to pre-
vent both Ad accumulation in Kupffer cells and transduction of
hepatocytes, resulting in reduced overall Ad toxicity in vivo.
Administration of CAR-binding-ablated vectors to FIX knock-
out mice resulted in no significant reduction of liver cell trans-
duction, compared to wild-type animals. One of the potential
explanations of this data is based on the dramatic difference in
the levels of FIX and C4BP in peripheral blood. While the
physiological concentration of FIX in plasma is only 5 pg/ml,
C4BP (one of the most abundant plasma proteins) is present in
plasma at levels of 250 to 300 pg/ml. Since both FIX and C4BP
allow CAR-independent Ad cell infection, deletion of only one
low abundance protein (such as FIX) was apparently not suf-
ficient to prevent CAR-independent liver cell infection.
Clearly, until C4BP knockout or C4BP-FIX double-knockout
mice are available, the relative contribution of each of these
proteins to Ad liver cell infection remains unclear.

Our study contributes to a better understanding of adeno-
virus vector-host interactions, when virus is applied intrave-
nously. It also has immediate practical implications aiding the
development of safe and effective adenovirus vectors with
modified tropism that might prove useful for treatment of
numerous human inborn and acquired human diseases, includ-
ing cancer.
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