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Hepatocyte Heparan Sulfate Is Required for Adeno-Associated Virus 2
but Dispensable for Adenovirus 5 Liver Transduction In Vivo
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Department of Biological Chemistry® and Department of Medical and Molecular Pharmacology,” David Geffen School of Medicine, University of California Los Angeles,
Los Angeles, California, USA; Department of Cellular and Molecular Medicine, University of California San Diego, La Jolla, California, USAS; Sanford-Burnham Medical
Research Institute, La Jolla, California, USAY; Translational Research Laboratory, IDIBELL-Institut Catala d’Oncologia, Barcelona, Spain®; Department of Pediatrics and
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ABSTRACT

Adeno-associated virus 2 (AAV2) and adenovirus 5 (Ad5) are promising gene therapy vectors. Both display liver tropism and are
currently thought to enter hepatocytes in vivo through cell surface heparan sulfate proteoglycans (HSPGs). To test directly this

hypothesis, we created mice that lack Ext1, an enzyme required for heparan sulfate biosynthesis, in hepatocytes. Ext

1"EP mutant

mice exhibit an 8-fold reduction of heparan sulfate in primary hepatocytes and a 5-fold reduction of heparan sulfate in whole
liver tissue. Conditional hepatocyte ExtI gene deletion greatly reduced AAV2 liver transduction following intravenous injection.
Ad5 transduction requires blood coagulation factor X (FX); FX binds to the Ad5 capsid hexon protein and bridges the virus to

HSPGs on the cell surface. Ad5.FX transduction was abrogated in primary hepatocytes from Ext

1"EP mice. However, in contrast

to the case with AAV2, Ad5 transduction was not significantly reduced in the livers of Ext1”"** mice. FX remained essential for

Ad5 transduction in vivo in Ext17EP

mice. We conclude that while AAV2 requires HSPGs for entry into mouse hepatocytes,

HSPGs are dispensable for Ad5 hepatocyte transduction in vivo. This study reopens the question of how adenovirus enters cells

in vivo.

IMPORTANCE

Our understanding of how viruses enter cells, and how they can be used as therapeutic vectors to manage disease, begins with
identification of the cell surface receptors to which viruses bind and which mediate viral entry. Both adeno-associated virus 2
and adenovirus 5 are currently thought to enter hepatocytes in vivo through heparan sulfate proteoglycans (HSPGs). However,
direct evidence for these conclusions is lacking. Experiments presented herein, in which hepatic heparan sulfate synthesis was
genetically abolished, demonstrated that HSPGs are not likely to function as hepatocyte Ad5 receptors in vivo. The data also
demonstrate that HSPGs are required for hepatocyte transduction by AAV2. These results reopen the question of the identity of
the Ad5 receptor in vivo and emphasize the necessity of demonstrating the nature of the receptor by genetic means, both for un-
derstanding Ad5 entry into cells in vivo and for optimization of Ad5 vectors as therapeutic agents.

better understanding of how viral vectors enter cells in vivo is

critical to improve their therapeutic use. Adeno-associated
virus 2 (AAV2) and adenovirus 5 (Ad5) vectors have shown prom-
ise in clinical trials for treatment of a wide variety of diseases (1, 2).
Both vectors, when injected intravenously into mice, exhibit
transgene expression in liver (3-5). Heparan sulfate proteoglycans
(HSPGs) are the primary receptors currently thought to facilitate
AAV?2 and Ad5 entry into hepatocytes (6-8).

HSPGs are present both on the cell surface and in the extracel-
lular matrix (9, 10). They consist of a protein core posttranslation-
ally modified to contain heparan sulfate (HS) chains (11). HS
biosynthesis occurs by polymerization of alternating glucuronic
acid and N-acetylglucosamine residues (12-14), catalyzed by an
enzyme complex composed of EXT1 and EXT2 (15). EXT1 and
EXT2 are essential molecules required for HS synthesis; cells lack-
ing either molecule do not synthesize HS (16, 49).

AAV?2 binds directly to cell surface HSPGs via an HS-binding
motif on the virus capsid (3, 17, 18). AAV capsid modifications
that alter the cluster of positive amino acids that constitute the HS
binding motif abrogate liver transduction (3, 19, 20), suggesting
that the ability of the capsid to bind to HS is critical for AAV2 liver
transduction in vivo. In contrast, Ad5 binding to HSPGs requires
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the presence of blood coagulation factor X (FX), which binds to
the Ad5 hexon when the virus comes in contact with blood (7,
21-23). The interaction of Ad.FX and HS is mediated by electro-
static interactions between the heparin binding exosite of the FX
serine protease domain and the sulfate groups of HS (6, 23-25).
FX is required for Ad5 transduction in vivo in wild-type mice. In
the absence of FX, or when viruses with mutant hexon proteins
unable to bind FX are used, Ad5 liver transduction is essentially
completely abrogated (7, 21-23, 26, 27).
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FIG 1 ExtI"™ mutant mice lack hepatic heparan sulfate. (a) Schematic rep-
resentation indicating conditional excision of exon 1 of the ExtI gene via Cre
recombinase cleavage at JoxP sites (white triangles). Upon Cre recombination,
the Extl gene is inactivated in hepatocytes (ExtI”;AlbCre™ [ExtI"'*"]). (b)
PCR analysis of ExtI deletion in primary hepatocytes from Ext”/ control and
Ext1"*” mutant mice, using the primer pairs indicated in panel a. (c) Quanti-
tative glycosaminoglycan analysis in liver tissue. Heparan sulfate (HS) content
was analyzed by glycan reductive isotope labeling-LC/MS. The graph illus-
trates data from 3 control and 3 mutant mice. Values are means = SD. **, P <
0.01. Comparable results were obtained with two independent preparations of
liver tissue.

Despite extensive evidence for a role of HS in AAV2 and Ad5
transduction in cultured cells, direct evidence for a role of HS-
mediated hepatocyte transduction in vivo has not been described.
In this study, we employed an in vivo genetic model to analyze
directly the role of hepatocyte HS for AAV2 and Ad5 gene transfer
to mouse liver.

MATERIALS AND METHODS

Mice. All animal experiments were conducted in accordance with the
guidelines of the UCLA and UCSD animal care committees. To create
mice that lack heparan sulfate in hepatocytes, we crossed conditional
Ext1f1o</flox (Ext17f) mice (28) with AlbCre mice (29) (Jackson Laborato-
ries) to create ExtI”;AIbCre™ (Ext1™®”) mice. All lines were on a
C57BL/6] background. Genotyping was performed by PCR with tail DNA
for cre (cre: forward, 5'-GTC CAA TTT ACT GAC CGT ACA CC-3’, and
reverse, 5'-CGC TAT TTT CCA TGA GTG AAC GA-3') and for the Ext1”/
allele (Ext: forward, 5'-GGA GTG TGG ATG AGT TGA AG-3', and
reverse, 5'-CAA CAC TTT CAG CTC CAG TC-3") (Fig. 1a, 470 bp, Ext 1"/
control). For verification of genetic deletion of the Extl-exon1 in hepato-
cytes following Cre recombination, a second reverse primer was designed
(5'-CGT CACAAA TAC CCT TTA GTA-3'), resulting in a de novo prod-
uct if recombination occurred (Fig. 1a, 692 bp, ExtI™F mutant). Mice
used for experiments were at least at 8 weeks of age and mixed sex. The
total amount of heparan sulfate in livers was determined by glycan reduc-
tive isotope labeling-liquid chromatography-mass spectrometry (GRIL-
LC/MS) as described previously (30). To determine heparan sulfate con-
tent in primary hepatocytes, cells were isolated from three Ext/ control
and three ExtI™*" mutant mice as described below and pooled prior to
GRIL-LC/MS analysis. Virus was injected intravenously via the tail vein
with 1 X 10'°to 1.5 X 10" particles/mouse of viral vectors as indicated for
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the respective experiments, and mice were euthanized 3 days (Ad) or 8
weeks (AAV) postinjection.

Virus vectors. AdLuc is a nonreplicating E1 and E3 deletion adenovi-
rus serotype 5-based vector in which the cytomegalovirus (CMV) ubiqui-
tous promoter drives firefly luciferase (Luc) expression (31). AATLY477A
is an adenovirus vector in which the coxsackie and adenovirus receptor
(CAR) is ablated and which has a tyrosine-to-alanine point mutation at
position 477 (Y477A) in the DE loop of the knob domain of the viral fiber
(32). AATLY477A contains green fluorescent protein (GFP) and firefly
Luc expression cassettes, both driven from CMV promoters, in the E1
coding region (32). AdTL is identical to AdY477A except for the fiber
mutation (32). AAGFP contains a CMV promoter-driven GFP transgene.
AdTEA is a mutated version of AAGFP that is unable to bind FX due to a
threonine-to-alanine substitution at position 425 of the hexon protein
(26). Adenovirus vectors were propagated in HEK293A cells (Invitrogen)
and purified by two sequential cesium chloride gradient centrifugation
steps, followed by dialysis against 3% sucrose buffer. The virus particle
(VP) titer (particles per milliliter) was determined by measuring absor-
bance at 260 nm (33). Virus infectious-unit titers (infectious units per
milliliter) were determined with the Adeno-X Rapid Titer kit (Clontech,
Mountain View, CA) and were typically 10- to 50-fold below particle
titers. The AAV2 vector containing a CMV promoter-driven GFP trans-
gene was obtained as a gift from Virovek Inc. (Hayward, CA).

Analysis of vector transduction. Primary hepatocytes and Chinese
hamster ovary cells (CHO K1, ATCC CCL61, and pgsD-677) (34) were
cultured as described previously (25, 35, 36). Virus vector transductions
of cells were performed in 24-well plates seeded with 1 X 10 cells per well.
Virus particles (1 X 10%/well) were diluted in serum-free Opti-MEM (In-
vitrogen) supplemented with 8 pg/ml of human FX (hFX) (Hematologic
Technologies, Essex Junction, VT) where indicated and incubated with
the cells at 37°C for 60 min. Cells were processed for analysis 2 days
following transduction.

Luciferase assays, GFP immunoblotting, and GFP immunohisto-
chemistry were performed as described previously (37). To directly
visualize GFP fluorescence in frozen sections, liver tissue was prefixed
overnight in 4% paraformaldehyde—phosphate-buffered saline (PBS)
followed by 4 h each in 10%, 20%, and 30% sucrose at 4°C. Liver tissue
was then embedded in optimal-cutting-temperature (OCT) com-
pound and snap-frozen. Frozen sections (5 pm) were rehydrated with
PBS, and 4',6-diamidino-2-phenylindole (DAPI) was added to visual-
ize nuclei. Bright-field and fluorescent images were captured using an
inverted microscope (Nikon; Eclipse 2000 TE) and analyzed using NIS
Elements imaging software.

Ad5 genome copies in liver tissues were analyzed by TagMan quanti-
tative PCR (qPCR) (absolute quantification), with murine Oct-4 as a con-
trol, using primers hybridizing to the L2 gene region in the Ad5 genome as
previously described (38). GFP mRNA expression and AAV genomes in
mouse liver were quantified by SYBR-green qPCR (threshold cycle
[2724¢T] method) with murine glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as a control, using primers hybridizing within the GFP
coding region and CMV promoter, respectively. Primer sequences were as
follows: GFP fwd, 5'-GCA CGA CTT CTT CAA GTC CGC CAT GCC-3';
GFP rvs, 5'-GCG GAT CTT GAA GTT CAC CTT GAT GCC-3'; GAPDH
fwd, 5'-CTG CGG AAA TGG TGT GAT CTT CCC CAA GGG-3';
GAPDH rvs, 5'-AGG GAG CTC CAT TCA TGT GCT AAA CAG GCC-3';
CMV fwd, 5'-ACG CCA ATA GGG ACT TTC CA-3'; and CMV rvs,
5"-TAG GGG GCG TAC TTG GCA TA-3'. PCRs were performed on ABI
7500 real-time thermocycler instrumentation using SDS software v.1.3
(Applied Biosystems).

Statistical analysis. Data are expressed as means = standard devia-
tions (SD). Significance between groups was determined using an un-
paired Student (two-tailed) ¢ test. All P values of <0.05 were considered
significant.
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FIG 2 AAV2 and Ad5 transduction in Ext1-deficient cells in culture. (a) Analysis of GFP transgene expression following AAV transduction of control CHO K1
or EXT1-deficient CHO pgsD-677 cells. Cells were transduced with an AAV2 vector encoding GFP (AAV-GFP) for 1 h in reduced serum-medium. GFP
expression was analyzed in cell extracts by immunoblotting (IB) 48 h after transduction (left side). Total RNA was analyzed for GFP mRNA expression by
quantitative real-time RT-PCR. GFP mRNA levels are normalized to GAPDH mRNA levels in the same samples (right side). (b) Analysis of GFP protein and RNA
expression in primary hepatocyte cultures isolated from Ext1”/ control or Ext1'™™ mutant mice 48 h following transduction with AAV-GFP as in panel a. GFP
mRNA levels are normalized to mouse GAPDH mRNA levels in the same samples. (¢) Transduction of wild-type CHO K1 cells and EXT1-deficient mutant CHO
pgsD-677 cells with AdTL, an Ad5 vector carrying a GFP transgene expression cassette and a luciferase transgene expression cassette. The cells were transduced
in serum-reduced medium or in serum-reduced medium supplemented with 8 pg/ml of FX. Forty-eight hours posttransduction, cell lysates were analyzed for
luciferase transgene expression. (d) Primary cultured hepatocytes from Ext1” control or Ext1""*" mutant mice were transduced with AdTLY477A, an Ad5 vector
in which CAR binding is ablated, carrying the same GFP and luciferase transgene expression cassettes as AdTL, in the presence or absence of FX. Forty-eight hours
following transduction, the cells were analyzed for GFP (by immunofluorescence) and for luciferase transgene expression. RLU, relative light units. Values are

means *+ SD relative to the value for the control (wild-type CHO K1 cells or control ExtI”/ hepatocytes). *, P < 0.05; **, P < 0.01.

RESULTS

Conditional deletion of the enzyme EXT1 results in a reduction
of heparan sulfate in hepatocytes. To create mice with a condi-
tional deletion of the Ext1 gene, Ext1” mice (28) were crossed with
AlbCre mice, which express Cre from the albumin promoter (29).
Conditional homozygous Extl”/ mice expressing AlbCre (ExtI"";
AlbCre™ mice, subsequently referred to as Ext1"™ mice) are via-
ble and fertile; moreover, their livers showed no distinguishable
difference from those of Ext1”/ control littermates by hematoxylin
and eosin (H&E), F4/80, and CD31 staining (data not shown). To
determine whether genetic recombination had occurred in hepa-
tocytes of Ext1™*” mutant mice, two sets of primers were used: one
that detects the floxed control allele and one that results in a prod-
uct only when the floxed exonl of the ExtI allele is excised (Fig.
la). PCR analysis of DNA from isolated primary hepatocytes
showed robust signals for inactivated ExtI in primary hepatocytes
from mutant Ext1"" mice expressing the Cre allele, indicating
that Cre recombination and Ext1 deletion had occurred (Fig. 1b).
These PCR products were not detected in hepatocytes from Cre-
negative Ext1”/ control mice (Fig. 1b). Conversely, the signal for
wild-type floxed Ext] was essentially absent in hepatocytes from
Ext1"™” mutant mice, indicating that Cre-driven recombination
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and Ext] deletion occurred in the majority of hepatocytes from
Cre-expressing Ext’” mice (Fig. 1b).

To confirm that the lack of the Ext1 alleles indeed translates
into a reduction of heparan sulfate in vivo, we assessed overall
disaccharide composition of glycosaminoglycan chains, both in
cultured primary hepatocytes and in whole liver tissue. Liver tis-
sue from mutant Ext1""®" mice displayed an ~5-fold reduction of
heparan sulfate compared to the heparan sulfate content of liver
tissue from Ext1”/ control mice (Fig. 1c). Heparan sulfate in pri-
mary hepatocytes from Ext1"*” mice was reduced ~8-fold com-
pared to HS in cultured hepatocytes from Ext”’ control mice
(0.32 g of HS/mg of protein versus 0.04 pg of HS/mg of protein).

Both adeno-associated virus 2 transduction and adenovirus
5 transduction are reduced in cultured hepatocytes from
Ext1™*” mutant mice. Chinese hamster ovary (CHO) cells genet-
ically modified to lack Ext1 (CHO pgsD-677 cells) showed greatly
reduced GFP transgene expression compared to that of wild-type
CHO K1 cells 2 days after transduction with an AAV vector en-
coding GFP (Fig. 2a). To compare these results with those for
hepatocytes from Ext1"™ mice, we isolated and cultured primary
hepatocytes from Ext1”’ control and ExtI™” mutant mice. AAV-
GFP transduction resulted in GFP and mRNA expression in pri-
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FIG 3 AAV transduction in Ext/”f control and Ext1"™™ mutant mice. Shown is an analysis of liver transduction 8 weeks after intravenous injection of 1 X 10!
VP/mouse of an AAV2 vector encoding green fluorescent protein (AAV-GFP) in ExtI” control or Ext1"™ mutant mice. (a) GFP immunohistochemistry in livers
from Ext”f control or ExtI"™ mutant mice. GFP is visible as brown staining in individual hepatocytes (red arrows). The graph depicts quantification of
GFP-positive cells in liver sections. (b) GFP content in liver extracts from Ext1"” control (Ext1”/ Cre—) or Ext1""*" mutant (Ext”/ Cre+) mice. Liver extracts were
assayed for GFP and GAPDH by immunoblotting. “+” indicates the presence of the AlbCre transgene, leading to the targeted deletion of the ExtI gene to create
Ext1™” mutant mice; “—” indicates the absence of the AIbCre transgene, resulting in Ext1”/ mice with an intact ExtI gene. (c) Total liver RNA was analyzed for
GFP mRNA expression by quantitative real-time RT-PCR and normalized to the mouse liver GAPDH mRNA of the same samples. (d) AAV vector genomes in
livers from AAV-injected ExtI” control or Ext1™*" mutant mice were quantified after DNA extraction by quantitative real-time PCR, using primers within the
CMYV promoter of the transgene expression cassette, and normalized to liver GAPDH DNA values of the same sample. Values are means = SD. Differences in
number of GFP-expressing cells per field, GFP mRNA expression, and vector genomes between control and mutant mice were compared by Student’s ¢ test. ¥,

P < 0.05; n = 3. Scale bar represents 50 pm.

mary hepatocytes from Ext’”/ control mice (Fig. 2b). In contrast,
no GFP was detectable in cell extracts from Ext1"""" hepatocytes,
and GFP mRNA expression was ~20-fold reduced (Fig. 2b).

Unlike for AAV, Ad5 transduction of cells via HSPGs requires
FX (6). Transduction of CHO K1 cells by AdTL, an adenovirus
serotype 5 vector encoding cytomegalovirus (CMV) promoter-
driven GFP and firefly luciferase transgene cassettes, was increased
in the presence of FX (Fig. 2c). However, as observed for AAV,
AdTL.FX transduction was abrogated in mutant CHO pgsD-677
cells lacking heparan sulfate (Fig. 2¢).

In addition to FX-HSPG-mediated cell entry, Ad5 vectors can
also use the coxsackie and adenovirus receptor (CAR) to enter
cells in culture (5, 39, 40). Since cell entry through CAR can mask
FX-mediated transduction in cultured hepatocytes (data not
shown), we characterized Ad5 transduction of primary hepato-
cytes from Ext”’ control and Ext1"™ mutant mice by an Ad5
vector, AdTLY477A, in which CAR binding is ablated (32).
AdTLY477A transduction of hepatocytes from ExtI”/ control
cells, in the presence of FX, led to greatly enhanced GFP transgene
expression 2 days after transduction and to an ~20-fold increase
in luciferase activity (Fig. 2d). In contrast, FX could not enhance
AdTLY477A-mediated GFP transgene expression or luciferase ac-
tivity in mutant Ext1'* hepatocytes (Fig. 2d). These results sug-
gest that both Ad.FX and AAV transduction of primary hepato-
cytes in culture require HS.

Hepatocyte heparan sulfate is required for AAV2 transduc-
tion of mouse liver in vivo. To directly determine the role of
hepatocyte heparan sulfate for AAV2 transduction of mouse liver
in vivo, Extl"” control mice and Ext1"™ mutant mice were in-
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jected intravenously with 1 X 10'"" AAV-GFP VP/mouse. Immu-
nohistochemistry for GFP showed that the number of GFP-ex-
pressing hepatocytes was significantly lower in livers of Ext175"
mutant mice than in the livers of ExtI” control mice (Fig. 3a).
Consistent with this finding, immunoblot analysis of liver extracts
showed reduced GFP content in livers of ExtI™® mutant mice
(Fig. 3b, Cre+) compared to that in livers of Ext1"”f control mice
(Fig. 3b, Cre—) and an ~5-fold reduction of GFP mRNA expres-
sion (Fig. 3¢c). Relative AAV vector DNA was also significantly
lower in livers of Ext1"*" mutant mice, suggesting that the reduc-
tion in GFP transgene expression is due to reduced viral transduc-
tion (Fig. 3d). Overall, these results show that hepatocyte heparan
sulfate is required for efficient AAV transduction of mouse liver in
vivo.

Hepatocyte heparan sulfate is not required for adenovirus
transduction of mouse liver in vivo. To evaluate the role of hepa-
ran sulfate in adenovirus hepatocyte transduction, we examined
the ability of Ad5 to transduce liver in Ext1"™*" mice. To examine
virus titers across a broad dose range, Ext’”’ control and Ext1""
mutant mice were injected intravenously with an Ad5 vector en-
codinga GFP transgene (AdGFP) at 1 X 10'°,3 X 10'°, or 1 X 10!
VP/mouse. Transgene expression was assessed 3 days later. As
expected, both the number of cells demonstrating GFP staining in
liver sections (Fig. 4a) and the GFP content in liver extracts (Fig.
4b) increased with increasing viral dose in livers from AdGFP-
injected ExtI”" control (Cre—) mice. However, equivalent GFP
transgene expression was observed in livers from ExtI7*” mutant
(Cre+) mice (Fig. 4a and b).

To analyze transgene expression in a more quantifiable way, we
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FIG 4 Adenovirus transduction in Ext1”/ control and Ext1"*” mutant mice. (a) GFP transgene expression in livers of Ext1"”f control or mutant Ext1"" mice 3
days after intravenous injection with increasing doses (1 X 10'%,3 X 10'%, or 1 X 10''VP/mouse) of an Ad5 vector expressing GFP. GFP content was visualized
by immunofluorescence staining of paraffin-embedded liver sections. Corresponding fields stained with DAPI are displayed to visualize nuclei. (b) Liver extracts
were analyzed by immunoblotting for GFP and GAPDH. Liver extracts from two representative mice per group are shown. (c and d) Liver transduction using a
low dose (2 X 10'° VP/mouse) and a high dose (8 X 10'° VP/mouse) of AdLuc, an Ad5 vector encoding firefly luciferase. Luciferase transgene expression (c) and
adenovirus vector genomes (d) in ExtI”/ control and Ext1""" mutant mice were analyzed 3 days after intravenous injection. Ad5 genomes were detected in liver
by quantitative PCR. Values are means = SD. Differences in either transgene expression or vector genomes between control and mutant mice were compared by

Student’s ¢ test. ns, not significant (P > 0.05); n = 4 mice per group.

injected mice with 2 X 10'° or 8 X 10" VP/mouse of AdLuc, an
Ad5 vector expressing firefly luciferase. Luciferase activity in
mouse livers was not significantly different at either dose in mu-
tant Ext1'™" and Ext1”/ control mice (Fig. 4¢). As observed with
luciferase transgene expression, adenovirus genomes in liver in-
creased with increasing virus dose, but no detectable quantifiable
difference in viral genomes was observed between control Ext1”
mice and mutant Ext17EF mice (Fig. 4d).

Although HS is significantly reduced in hepatocytes of Ext17*"
mice, other cell types in the liver may still express HS. It is possible
that Ad5 may transduce other liver cell types in Ext1”*” mice. To
determine whether the cell types that express the Ad5 transgene
differ in Ext’”’ and Ext1"™" mouse livers, liver sections were
stained by immunohistochemistry after injection of 8 X 10"
AdGFP VP/mouse (Fig. 5). GFP staining was visible throughout
the cytoplasm of transduced hepatocytes in liver sections from
both mutant ExtI®®” and control ExtI”’ mice injected with
AdGFP (Fig. 5). These results suggest that Ad5 liver transductions
in vivo are similar in Ext1”/ control and Ext1"™" mutant mice.

CAR cannot serve as an alternative adenovirus receptor for
mice deficient in hepatocyte heparan sulfate. To exclude the pos-
sibility that CAR might serve as an alternative receptor for Ad5
entry into hepatocytes in the absence of HS, we examined the
ability of an Ad5 vector in which CAR binding is ablated,
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AdTLY477A (32), to transduce livers of Ext1”/ and Ext1'EF mice.
Mice of both genotypes were injected with 5 X 10" particles/
mouse of AdTLY477A or with the parental AATL control adeno-
virus from which AdTLY477A was derived (32). No significant
difference in luciferase activity was observed in livers of Ext}”/
control mice and Ext1"*” mutant mice 3 days after either AdTL or
AdTLY477A vector administration (Fig. 6a). In addition, vector
genome content in the livers of control ExtI’”/ mice and mutant
Ext1™"” mice were indistinguishable (Fig. 6b). These data suggest
that CAR does not serve as a receptor for hepatocyte adenovirus
transduction in vivo, regardless of whether HS is expressed by
hepatocytes.

Blood coagulation factor X remains essential for efficient ad-
enovirus liver transduction in ExtI™" mice. To determine
whether FX is required for Ad5 transduction of ExtI-deficient
hepatocytes in vivo, we used AdTEA, a GFP-expressing mutant
adenovirus in which FX binding is ablated (26). Ext1”f and
Ext1™F? mice were injected with 1.5 X 10" VP/mouse of AdTEA,
or with AdGFP, and GFP expression was analyzed 3 days later.
Analysis of GFP fluorescence in frozen liver sections (Fig. 6¢) and
immunoblotting for GFP in liver extracts (Fig. 6d) demonstrated
that AATEA administration did not lead to detectable GFP expres-
sion either in livers of Ext”/ mice that express hepatocyte HS or in
livers of hepatocyte HS-deficient Ext1'** mice. In addition, Ad5
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FIG 5 Histological analysis of liver sections from adenovirus-transduced ExtI”/ control and Ext1"®" mutant mice. Immunohistochemistry results for
GFP in liver sections from Ext1’/ control and Ext 175" mutant mice 3 days following intravenous injection with 8 X 10’ AdGFP VP/mouse are shown. GFP
in cells is visible as dark-brown staining throughout the cytoplasm. Red arrows indicate stained (GFP-positive) and unstained (GFP-negative) cells side
by side. Hematoxylin counterstaining was used to visualize nuclei in blue (black arrows). White arrows indicate sinusoids and bile ducts. Scale bar

indicates 50 pm.

genomes in mouse liver were greatly reduced in AdTEA-injected
mice of both genotypes compared with AdGFP-injected animals
(Fig. 6e). In summary, eliminating the ability of adenovirus to
bind to FX reduced liver transduction equally in Ext}”/ and
Ext1"™” mice, demonstrating that FX is required for adenovirus
transduction both in the presence and in the absence of hepato-
cyte heparan sulfate.

DISCUSSION

Effective targeting to the desired cells or tissues remains among
the major hurdles for virus-mediated gene therapy. Resolution of
viral targeting and transduction efficacy questions requires more
complete knowledge of the respective receptors and transduction
mechanisms involved in viral entry into cells in vivo.

Adeno-associated virus 2 is currently thought to enter hepato-
cytes in vivo through HSPGs. Adenovirus 5 was initially thought to
enter hepatocytes in vivo through CAR. However, experiments
that involved mutation of the CAR binding site on the Ad5 fiber
demonstrated that this hypothesis was incorrect (32, 41). Subse-
quent cell culture studies and in vivo experiments led to the cur-
rently accepted paradigm that Ad5 hepatocyte transduction in
vivo requires Ad-HSPG bridging by FX (6, 7, 23, 42).

To determine directly the role of hepatocyte HSPG in AAV2
and Ad5 liver transduction in vivo, we used a mouse model of
hepatocyte-specific HS deficiency in which EXT1, a key enzyme in
HS biosynthesis, is conditionally eliminated. HS expression was
necessary for AAV2 liver transduction, suggesting that HSPGs
function as the receptor for AAV2 uptake in vivo. In contrast to the
case with AAV2, Ad5 liver transductions in Ext1™F mutant mice
and Ext1” mice were similar. These findings demonstrate that
adenovirus, unlike AAV, does not require hepatocyte HS for
transduction of mouse liver in vivo. The most likely interpretation
of these data is that hepatocyte HSPGs do not serve as the primary
receptors for Ad5 liver transduction in vivo.

To exclude the possibility that adenovirus uses CAR to enter
hepatocytes in the absence of heparan sulfate, we investigated the
ability of the vector AdY477A, in which CAR binding is ablated, to
transduce Ext1'™™ and Ext1”/ mice. AdY477A elicited equivalent
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liver transduction of both Ext1”/ and mutant Ext1"*" mice, con-
firming that CAR is not used for hepatocyte entry in vivo.
AdTEA—a virus that is unable to bind FX— could not transduce
livers of either Ext1” or Ext1"* mutant mice, demonstrating that
unlike heparan sulfate, FX is required for hepatocyte transduc-
tion.

A substantial amount of experimental evidence indicates that
Ad.FX can bind directly to heparin and to HS (6, 23, 24, 43).
Therefore, not surprisingly, heparin injected intravenously
into mice immediately prior to Ad5 injection blocks liver up-
take (6). However, heparin inhibition of Ad5 liver transduction
in vivo is likely to be the result of heparin binding to and se-
questering of Ad.FX in the blood and, consequently, prevent-
ing Ad.FX from binding to its physiological receptor. In an-
other approach, heparinase I, which enzymatically removes HS
from the cell surface, administered intravenously into mice
prior to Ad5 injection led to ~5-fold reduced virus transduc-
tion relative to that in control mice (42). However, it is likely
that systemic in vivo enzymatic treatment could release hepa-
ran-containing fragments that compete with FX for binding to
adenovirus.

In another approach, Waddington et al. (23) demonstrated
that preincubation of FX with NAPc2 or Ixolaris, naturally
occurring anticoagulants that bind to and mask the FX hepa-
rin-binding exosite, prior to injection into warfarin-treated
mice led to a reduction in FX liver rescue of Ad5 transduction.
While these observations are consistent with the hypothesis
that HSPGs may play a role in Ad.FX hepatocyte transduction
in vivo, NAPc2 and Ixolaris have additional effects on coagula-
tion that are distinct from blocking the heparin binding exosite
of FX (44-46).

Xu etal. (47) suggest that FX is necessary to shield Ad5 from
natural antibody and complement inactivation but may not be
required for Ad5 liver transduction in vivo. In either immuno-
deficient Ragl ~'~ mice or mice deficient in complement com-
ponent Clq or C4, an Ad5 viral mutant in which FX binding is
ablated showed only a modest reduction in transduction.
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FIG 6 The roles of CAR binding and FX binding in Ad5 liver transduction in Ext1” control and Ext1'™™ mutant mice. Shown is luciferase transgene expression
(a) and viral genomes (b) in the livers of Ext1"”’ control and ExtI"™F mutant mice 3 days after intravenous injection of 5 X 10'° VP/mouse of AdTLY477A, a
luciferase-GFP-expressing Ad5 vector in which CAR binding is ablated, or the corresponding unmodified AdTL control vector. (c) Histological assessment of
AdGFP- and AdTEA-mediated GFP expression in frozen sections of Ext1”/ control and Ext1™F" mutant mouse livers 3 days after intravenous injection with 1.5 X
10" viral particles/mouse. AdTEA is a GFP-expressing Ad5 vector in which FX binding is ablated. DAPI-stained fields are displayed to visualize nuclei. (d)
Immunoblot analysis of GFP expression in the livers of Ext/”/ and Ext1™*" mice injected with AAGFP or AdTEA adenovirus vectors. GEP expression in liver
extracts from two representative mice per group is shown. (e) Viral genome content in liver tissue of Ext”/ and Ext1""*" mice injected with AdGFP or AATEA.
DNA was extracted from the same livers as in panels ¢ and d, and viral genomes were quantified using quantitative real-time PCR. Individual groups were

compared by Student’s ¢ test. Values are displayed as means = SD. **, P < 0.01; ***, P < 0.001. n = 4.

While suggesting that FX is not required for Ad5 transduction
under certain conditions, and therefore may not be the mole-
cule that bridges the virus to hepatocellular receptors, these
studies do not address the identity of the Ad5 hepatocyte re-
ceptor.

HS content in isolated hepatocytes from Ext mutant
mice was reduced by ~90%. It could be argued that this resid-
ual low level of HS is nonetheless sufficient to promote Ad.FX
binding and entry in vivo. However, Ad.FX transduction was
abrogated in primary Ext175" hepatocytes in culture, suggest-
ing that the residual HS on these cells cannot promote Ad.FX
transduction.

If HSPGs are not the principal physiological receptor for
Ad.FXliver transduction, we are faced with the question of how
Ad.FX enters hepatocytes in vivo. Hepatocytes in Ext1™*" mu-
tant mice still express dermatan sulfate (DS) and chondroitin
sulfate (CS), the other two major types of sulfated glycans. The
lack of ExtI leads to an increase in CS expression (48, 49),
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which could potentially serve as the receptor for Ad.FX. How-
ever, mutant Ext] '~ CHO pgsD-677 cells, although lacking
heparan sulfate, contain three times the amount of CS and DS
present in wild-type CHO K1 cells (34), and FX cannot increase
Ad5 transduction of Extl ™'~ CHO cells (6, 25). These data
suggest that Ad.FX is unlikely to use CS or DS for cell entry.

In addition to hepatocytes, endothelial cells that surround
the liver sinusoids also express proteoglycans. Both hepato-
cytes and endothelial cells express HSPGs on their cell surfaces
and secrete heparan sulfate. It is possible that HS expressed by
endothelial cells contributes to Ad5 liver transduction. How-
ever, mice that express undersulfated HS in endothelial cells,
due to a targeted deletion of the NdstI gene (50), are still fully
competent for Ad5 transduction of liver in vivo (data not
shown).

We conclude that Ad5 vectors, after intravenous injection, are
able to transduce mouse livers with substantially reduced HS con-
tent. Our data are consistent with the involvement of other recep-
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tors, and/or blood factors, and suggest that further investigation is
needed to fully understand Ad5 liver transduction.
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