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Serum coagulation factor X (FX) is proposed to play a major
role in adenovirus tropism, promoting transduction by bridging
the virus to cell-surface heparan sulfate proteoglycans (HSPGs).
Both murine FX and human FX increased transduction by Ad.
CMVfLuc, an adenovirus vector, inmurine hepatocyte-like cells
and human hepatocarcinoma cells. In contrast, only hFX
increased transduction of several non-hepatic cancer cell lines
and Chinese hamster ovary (CHO) cells. Not only was mFX
unable to promote transduction in these cells, it competitively
blocked hFX-enhanced transduction. Competition and HSPG
digestion experiments suggested mFX- and hFX-enhanced
transduction in hepatocyte-derived cells, and hFX-enhanced
transduction in epithelial cancer cells were dependent on
HSPGs. Ad�hFX-mediated transduction of CHO mutants
unable to produce HSPGs was also curtailed. Hepatocyte-de-
rived cells expressed substantially more HSPGs than the cancer
cell lines. Dose-response curves and heparin-Sepharose binding
suggested Ad�hFX has greater affinity for HSPGs than does
Ad�mFX. In coagulation factor-depleted mice hFX also had
enhanced ability, compared with mFX, to reconstitute hepatic
adenovirus transduction. The results suggest that differences in
Ad�hFX andAd�mFXaffinity toHSPGsmay result in differences
in their ability to enhance adenovirus transduction of many
cells. These findings may have implications for murine models
of adenovirus vector targeting.

Adenovirus (Ad)3 belongs to theAdenoviridea family of dou-
ble-stranded DNA viruses (1). There are 55 known adenovirus
serotypes, subdivided into 7 subgroups (A–G). Adenovirus
serotype 5 (Ad5), which belongs to subgroupC, has been exten-
sively studied as a vector for gene therapy, oncolytic therapy,
and vaccine production (2).
Infection of cells in culture by Subgroup C adenoviruses,

including Ad5, was thought to be predominantly, if not exclu-
sively, initiated by binding of the virus fiber knob protein to the

cellular Coxsackie and adenovirus receptor (3); entry is subse-
quently facilitated by interaction between the RGD-containing
peptide on the virus penton base and cell-surface integrins (4).
The Coxsackie and adenovirus receptor was also thought to be
the cellular receptor responsible for the very efficient liver
transduction that follows intravenous adenovirus injection into
mice (5). However, modifications of the Ad5 fiber/knob that
abolish Coxsackie and adenovirus receptor binding fail to
reduce liver transduction (6). Recent studies suggest that bind-
ing of serum factors, including blood coagulation factor X, to
the adenovirus capsid facilitates hepatic transduction in mice
by bridging the virus to cell-surface receptors (7–10).Warfarin,
which depletes FX, FIX, and other vitamin K-dependent serum
factors, abrogates liver transduction and transduction by ade-
novirus vectors. Purified hFX, which binds with high affinity to
the adenovirus hexon protein (8, 10), reconstitutes adenovirus
liver transduction in warfarin-treated mice (11). These results
suggest that liver transduction, in large part, is dependent on
Ad-FX interactions in blood and is Coxsackie and adenovirus
receptor-independent.
HSPGs have been suggested to be the receptors for adenovi-

rus-FX complexes (8–11). HSPGs are glycoproteins that con-
sist of a protein core post-translationally modified to contain
one or more heparan sulfate chains, a type of sulfated glyco-
saminoglycan (12). HSPGs are found in abundance on virtually
all mammalian cell plasma membranes, where they interact
with a multitude of ligands, e.g. chemokines and cytokines,
growth factors, lipoproteins, and proteases (13). HSPGs have
also been proposed as receptors for several other pathogens,
including adeno-associated virus (14, 15) and herpes simplex
virus (16, 17). Because intravenous adenovirus comes in contact
with FX in the blood, HSPGs may play a major role in adenovi-
rus transduction of many cell types in vivo.
In this report, we compare the roles of murine FX (mFX) and

human FX (hFX) on adenovirus transduction of hepatocyte/
hepatoma-derived cell culture lines and on transduction of cell
culture lines derived from non-hepatic epithelial tumors. Both
mFX and hFX increase adenovirus transduction of hepatocyte/
hepatoma-derived cells; however, only hFX, but not mFX,
enhances adenovirus transduction of the epithelial tumor cell
lines. HSPGs are necessary for mFX- and hFX-enhanced ade-
novirus transduction in all cells examined. Competition and
heparin-column binding experiments suggest that the differ-
ences between mFX- and hFX-enhanced adenovirus transduc-
tion result from a greater affinity of the Ad�hFX complex for
heparan sulfate. In vivo, as observed in the cell culture experi-
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ments, adenovirus liver transduction was more effectively
restored by hFX reconstitution than by mFX reconstitution in
warfarin-treated mice.

EXPERIMENTAL PROCEDURES

Virus andReagents—Ad.CMVfLuc, a non-replicating adeno-
virus in which the cytomegalovirus promoter drives firefly
luciferase expression (18), was propagated on 293A cells (Invit-
rogen) and purified by two sequential cesium chloride gradient
centrifugation steps and dialysis against 3% sucrose. The virus
particle titer (particles/ml) was determined by measuring
absorbance at 260 nm. Viral infectious-unit titers (IU/ml) were
determined with the Adeno-X Rapid Titer kit (Clontech,
Mountain View, CA).
Human and murine Factors X were purchased from Hema-

tologic Technologies (Essex Junction, VT). Polyhistidine-
tagged forms of heparinase I, II, and III were purified by Ni2�-
affinity chromatography and gel filtration. Heparin, warfarin,
and lactoferrin from human milk were obtained from Sigma.
Heparin-Sepharose was obtained from GE Healthcare.
Cells and Culture Conditions—HepG2 cells (human hepato-

cellular carcinoma), AML12 cells (murine hepatocyte-derived
cell line), and HT29 cells (human colorectal adenocarcinoma)
were from the American Type Culture Collection (ATCC
HB-8065, CRL-2254, and HTB-38). MC38 cells (murine colon
carcinoma) were provided by Dr. Jeffrey Schlom (National
Institutes of Health). LS174T cells (human colon adenocarci-
noma) were provided by Dr. Anna Wu (UCLA), and WAS17.6
cells (murine breast cancer) were obtained from Dr. Luisa Iru-
ela-Arispe (UCLA).
HepG2 cells were maintained in ATCC-formulated Eagle’s

minimum essential medium (ATCC) supplemented with 10%
FBS and 1% penicillin-streptomycin. AML12, HT29, LS174T,
andMC38 cells were grown in DMEMcontaining 10% FBS and
1% penicillin-streptomycin, 0.1 mM nonessential amino acids,
and 1.0 mM sodium pyruvate. WAS17.6 cells were maintained
in DMEMcontaining 10% FBS and 1% penicillin-streptomycin.
Chinese hamster ovary cells (CHO-K1, ATCC CCL61) and
CHO mutants in glycosaminoglycan biosynthesis (pgsA-745,
pgsD-677, pgsE-606, and pgsF-17) were cultured inHam’s F-12
medium containing 1% penicillin-streptomycin and 8% FBS.
All media and supplements were obtained from Invitrogen. All
cells were maintained and grown at 37 °C in 5% CO2/95% air.
In Vitro Adenovirus Vector Transduction Protocols—Ad.C-

MVfLuc transductions were performed in 24-well plates,
seeded with 5 � 104-1 � 105 cells per well 48 h earlier. Virus
particles (3 � 108 particles/well) were diluted in serum-free
Opti-MEM (Invitrogen, 200 �l/well) and incubated with the
cells at 37 °C. After 90 min, virus was removed, and medium
was replaced with complete culture medium (including 10%
FBS). Following transduction (times as indicated in the figure
legends and/or under “Results”) cells were washed with PBS
and lysed in Passive Lysis Buffer (Promega,Madison,WI) for 15
min at room temperature. Luciferase activity was determined
from cell lysates, using a luciferase assay system kit (Promega)
and Luminat LB9501 instrumentation.
In some experiments the serum-free Opti-MEM medium

was supplemented with hFX or mFX; concentrations are indi-

cated in the figure legends and/or under “Results.” In experi-
ments that include heparin or lactoferrin blocking reagents,
these reagents were added to the culture medium containing
virus and coagulation factors immediately before the medium
was added to the cells. Heparin and lactoferrin concentrations
are indicated in the figure legends and/or under “Results.”
To remove heparan sulfate from the cell surface, amixture of

recombinant heparin lyase I (2 milliunits/ml), II (2 milliunits/
ml), and III (10 milliunits/ml) prepared in serum-free Opti-
MEMwas added to the cells. After 15min at 37 °C, themedium
containing heparinases was removed, cells were washed with
PBS, andmediumcontaining viruswas added to the cells. As for
other experiments, the virus was removed after 90 min and
replaced with complete culture medium. Control experiments,
performed following procedures described previously (19),
showed that heparinase digestion removed �90% of cell-sur-
face heparan sulfate, judged by reduction of binding of biotin-
ylated FGF2 (data not shown) (17).
Heparan Sulfate ProteoglycanAnalysis of CulturedCells—To

quantify and characterize heparan sulfate present in the cell
lines, AML12, HepG2, MC38, LS174T, and CHO cells were
cultured in 150-mm plates. Once the cells reached densities
equivalent to that used for virus transduction, they were
washed with PBS and treated with 0.05% trypsin/0.53 mM

EDTA for 5 min at 37 °C to cleave HSPGs from the cell surface.
At least 108 cells for each cell line were used for enzyme diges-
tion. The cells were counted, then sedimented at 300 � g (10
min). Cell pellets were washed with PBS. Trypsin supernatants
containing cell-surface heparan sulfate and cell pellets were
analyzed separately; disaccharide compositions, sulfate groups,
and total amounts of heparan sulfate were determined by gly-
can reductive isotope labeling LC/MS (20).
Heparin-Sepharose Chromatography and Immunoblotting—

TodetermineAd�FXbinding to heparin, BioSpin columns (Bio-
Rad) were prepared with heparin-Sepharose beads and equili-
brated with wash buffer (20 mM Hepes, pH 7.0/150 mM NaCl/
2.5 mM CaCl2). Ad.CMVfLuc (2 � 1010 particles) was mixed
with either hFX or mFX (10 �g), with 100 �g of BSA as carrier
protein, in a final volume of 200 �l of wash buffer and loaded
onto the column. The column was washed with wash buffer,
and then eluted stepwise with buffers containing increasing
concentrations of NaCl. For immunoblotting, adenovirus pro-
teins in the eluates were separated on SDS-PAGE gels and
transferred onto nitrocellulose membranes. The membranes
were blocked with 5%milk proteins in 1� PBS and 0.5% Tween
20, then probedwith primary rabbit anti-adenovirus 5 antibody
(kindly provided byDr. Arnold Berk, UCLA), followed byHRP-
conjugated secondary antibody. Proteins were visualized using
ECL reagent (Pierce). For quantification, membranes were
scanned with Typhoon instrumentation at the Biological
Chemistry Imaging Facility atUCLAaccording to themanufac-
turer’s instructions, and bands were graphed as relative volume
densities.
mFX- and hFX-mediated Adenovirus Hepatic Transduction

in Warfarinized Mice—All animal experiments were con-
ducted according to guidelines of the UCLA animal care com-
mittee. Female C57BL/6 mice (8–10 weeks old, �30 g), were
obtained from Jackson Laboratories. Warfarin (300 �g/mouse,
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in peanut oil) was administered subcutaneously 3 days and
again 1 day prior to Ad.CMVfLuc�FX injection (11). Groups of
3–5 mice were injected intravenously via the tail vein with
human or murine FX and Ad.CMVfLuc (3 � 1010 particles/
mouse). Livers were removed 3 days later, homogenized in Pas-
sive Lysis Buffer (Promega), and analyzed for luciferase activity,
using a luciferase assay system kit (Promega) and Luminat
LB9501 instrumentation. Luciferase activities were normalized
against protein content.
Statistical Analysis—All experiments were performed amin-

imumof three times, each timewith triplicate samples. Data are
expressed as means � S.D. Data were compared between
groups with an unpaired Student’s t test or one-way analysis of
variance, as appropriate. To compare luciferase activities in liv-
ers of mice reconstituted with either mFX or hFX, we first per-
formed a log transformation of luciferase measurements. Next,
a two-way analysis of variance model was conducted for lucif-
erase activity, which included the main effects of FX dose and
treatment type (mFX versus hFX). Individual dose levels were
compared between treatment groups by t test. All p values less
than p � 0.05 were considered significant. Statistical analyses
were performed using GraphPad Instat version 3.01 and S-plus
version 8 (TIBCO, Palo Alto, CA).

RESULTS

hFX, but Not mFX, Increases Adenovirus Transduction in
Non-hepatic Epithelial Tumor Cell Lines—Adenovirus trans-
duction of hepatocytes in vivo has recently been postulated to
be facilitated by initial FXbinding to the viral hexonprotein and
subsequent FX-mediated bridging of the virus to cell-surface
hepatocyte HSPGs (8–10). Consistent with these findings,
both human and murine FX at physiological concentrations
increased by 2- to 4-fold the transduction of murine AML12
hepatocytes and human hepatocarcinoma HepG2 cells in cell
culture by Ad.CMVfLuc (an adenovirus vector expressing fire-
fly luciferase from the CMV promoter) (Fig. 1A). In contrast,
adenovirus transduction of human (LS174T colon adenocarci-
noma and HT29 colorectal adenocarcinoma) and murine
(MC38 murine colon cancer andWAS17.6 murine breast can-
cer) epithelial tumor cell lines was increased by hFX, but not
mFX (Fig. 1B).
The difference in mFX- versus hFX-mediated adenovirus

transduction of non-hepatic epithelial tumor cells might result
either from differences in mFX and hFX interactions with the
virus capsid or, alternatively, differences in interaction of the
Ad�hFX and Ad�mFX complexes with cells. However, Kalyuzh-
niy et al. (10) demonstrated, by surface plasmon resonance
analysis, that hFX andmFXbindwith equal affinities to theAd5
hexon protein, suggesting that the observed difference between
mFX and hFX in enhancing adenovirus transduction might
result from different interactions with their respective cell-sur-
face receptors. To investigate this difference in the context of
Ad.CMVfLuc transduction of non-hepatic epithelial tumor
cells, we first ascertained the minimum amount of hFX
required to maximally enhance MC38 cell transduction by the
virus and then determined if/how efficiently mFX could inter-
fere with hFX-mediated enhancement of Ad.CMVfLuc trans-
duction. Maximal transduction enhancement by hFX was

observed at 0.1�g/ml (Fig. 2A),�1% of the level of hFX present
in serum (8–10 �g/ml). Murine FX reduced hFX-mediated
enhancement of MC38 cell transduction by adenovirus in a
dose-dependent manner (Fig. 2B). A 1:1 ratio of mFX:hFX
reduced hFX-mediated transduction by half, suggesting that (i)
as reported (10), mFX and hFX bind to the adenovirus capsid
with equivalent affinities and (ii) the difference inmFXandhFX
in mediating transduction of the various cell lines reflects a
difference in the recognition of cell-surface receptors by
Ad�mFX and Ad�hFX complexes.
FX-enhanced Adenovirus Transduction of Cultured Cells Is

Mediated by Cell Surface Heparan Sulfate Proteoglycans—
HSPGs have been proposed as cellular receptors for
Ad�FX-mediated transduction (8–11). Whether HSPGs play a
role in hFX and/or mFX-mediated adenovirus transduction in
the cell lines used in this study was investigated by three
approaches: (i) by using heparin as a soluble receptor analog for
competitive inhibition of Ad.CMVfLuc transduction, (ii) by
blocking adenovirus transductionwith lactoferrin, a ligand that
binds to heparan sulfate (21), and (iii) by enzymatic removal of
heparan sulfate from the cell surface with heparin lyases prior
to adenovirus vector transduction.

FIGURE 1. Adenovirus transduction in the presence of mFX and hFX in
liver-derived cells and in non-hepatic epithelial cancer cells. A, Ad.CMVf-
Luc transduction of AML12 murine hepatocyte-derived cells and HepG2
human hepatocellular carcinoma cells in the presence of mFX or hFX (10
�g/ml). B, Ad.CMVfLuc transduction of human LS174T (colorectal carcinoma)
and HT29 (colorectal carcinoma) and murine MC38 (colon cancer) and
WAS17.6 (breast cancer) cell lines in the presence of mFX or hFX (10 �g/ml).
Luciferase activity was analyzed in the cell lysates 48 h post transduction. All
data are expressed as relative luciferase units (RLU) per microgram of protein.
Values are means � S.D. (statistics are indicated relative to transduction in
serum-free medium; ***, p � 0.001; **, p � 0.01).
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Heparin, a highly sulfated form of heparan sulfate (12),
blocked hFX-enhanced Ad.CMVfLuc transduction in murine
and human cancer cell lines (Fig. 3, A and B). Heparin also
effectively blocked both hFX- and mFX-enhanced Ad.CMVf-
Luc transduction in hepatocyte/hepatoma-derived cells (Fig.
3C). Like heparin (Fig. 3, A–C), lactoferrin efficiently blocked
Ad�hFX-mediated transduction of epithelial tumor cells (Fig.
3D). Lactoferrin also blocked both hFX-mediated and mFX-
mediated increased transduction of hepatocyte/hepatoma-de-
rived cells (Fig. 3E). To further confirm a role for heparan sul-
fate in Ad�hFX transduction, we pretreated human andmurine
cancer cell lines and hepatocyte/hepatoma-derived cells with
enzymes that digest cell-surface HSPGs and then examined
hFX-facilitated and mFX-facilitated Ad.CMVfLuc transduc-
tion.Heparin lyases I, II, and III cleave distinct linkages found in
heparan sulfate, leaving behind the protein cores of proteogly-
cans while removing sulfated glycosaminoglycan chains. Treat-
ment of MC38, WAS17.6, and LS174T cells and non-hepato-
cyte epithelial tumor cells with amixture consisting of the three
lyases prior to adenovirus transduction decreased hFX-en-
hanced transduction to baseline values (Fig. 3F). Heparin lyase
pretreatment also led to an abrogation of FX-enhanced trans-
duction by both Ad.CMVfLuc�hFX and Ad.CMVfLuc�mFX in
human HepG2 and murine AML12 hepatocyte/hepatoma-de-
rived cells (data not shown). The other common sulfated glyco-
saminoglycans present on cell membranes, in addition to hepa-
ran sulfate, are chondroitin sulfate and dermatan sulfate (12).
Pretreatment with chondroitinase ABC, which degrades both
chondroitin sulfate and dermatan sulfate, but does not degrade
heparan sulfate, had no effect on FX-mediated enhancement of
adenovirus transduction (data not shown).

To corroborate data suggesting that Ad�FX complexes bind
to cell-surface heparan sulfate, we examined a set of CHO cells
genetically modified to lack specific enzymes of glycosamino-
glycan biosynthesis (22) (inserted table, Fig. 4). Wild-type and
mutant CHO cells were transduced with Ad.CMVfLuc in the
presence or absence of hFX or mFX (Fig. 4). hFX strongly
enhanced adenovirus transduction of wild-type CHO cells; in
contrast, as observed for non-hepatic epithelial cancer cell
lines, mFX failed to increase Ad.CMVfLuc transduction in
these (or any other) CHO cells. hFX was unable to enhance
Ad.CMVfLuc transduction in mutant CHO cells that lack all
glycosaminoglycans (pgsA-745), lack only heparan sulfate but
produce more chondroitin sulfate (pgsD-677), or express glob-
ally undersulfated heparan sulfate (pgsE-606). However, hFX
enhanced adenovirus transduction of pgsF-17 cells, which lack
the 2-O-sulfotransferase; hFX does not appear to require 2-O-
sulfation of cell-surface heparan to facilitate adenovirus bind-
ing. These results confirm experiments suggesting that hFX
mediates increased adenovirus transduction of cells (CHO,
human epithelial cancer cells, and human and mouse hepato-
cyte/hepatoma-derived cell lines) primarily, if not exclusively,
through heparan sulfate.
Human FX Displays a Stronger Affinity than Murine FX for

Heparan Sulfate—mFX was able to increase adenovirus trans-
duction in HepG2 cells and AML12 cells (Fig. 1), but not in the
non-hepatic derived epithelial cancer cell lines (Fig. 1) or in
CHOcells (Fig. 4). To understand the basis for differential facil-
itation of adenovirus transduction of these cell lines by hFX
versus mFX, we compared the composition of heparan sulfate
derived from cell-surface proteoglycans. The density and
arrangement of sulfate groups on heparan sulfate, which varies
across cell types and tissues, can be assessed quantitatively by
determining the disaccharide composition of the chains after
heparin lyase treatment and LC/MS (20). Although some vari-
ation in the content of O-sulfate and N-sulfate groups was
noted, the differential susceptibility of the cell lines to
Ad.CMVfLuc transduction did not correlate with the content
of O-sulfate or N-sulfate, or with the total number of sulfate
groups per chain (table of Fig. 5). However, hepatocyte-derived
AML12 and HepG2 human hepatoma cells express 2-fold and
8-foldmoreheparan sulfate on their cell surface, respectively, than
do CHOor non-hepatic epithelial cancer cells (Fig. 5). These data
suggest thatmFXmaymediate increased adenovirus transduction
only on cells that exhibit a relatively high amount of heparan sul-
fate on their cell surface; lower cell-surface heparan sulfate levels
may be sufficient for hFX-mediated adenovirus transduction, but
not for mFX-mediated transduction.
If the Ad�hFX complex can bind more effectively than the

Ad�mFX complex to cell-surface HSPGs, then adenovirus with
limiting amounts of hFX bound should more effectively
transduce cells with high levels of HSPG than will adenovirus
with limiting amounts of bound mFX (recall that hFX and
mFX bind to the Ad5 with equal affinities (10)). Indeed, sub-
stantially less hFX is required to obtain maximal Ad.CMVf-
Luc-enhanced transduction of AML12 and HepG2 cells,
when compared with mFX (Fig. 6A); the ED50 for hFX-me-
diated enhancement of Ad.CMVfLuc transduction for both

FIGURE 2. hFX-mediated adenovirus transduction of MC38 murine colo-
rectal cancer cells in the presence of increasing amounts of mFX.
A, Ad.CMVfLuc transduction of MC38 cells in the presence of increasing hFX
concentrations. B, MC38 cells were transduced with Ad.CMVfLuc in the pres-
ence of hFX (0.2 �g/ml) and increasing amounts of mFX. Luciferase activity was
analyzed in the cell lysates 24 h post transduction. Data are expressed as relative
luciferase units (RLU) per microgram of protein. Values are means � S.D.
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AML12 and HepG2 cells was �0.02 mg/ml, whereas the
ED50 for mFX-enhanced transductions of both cell lines was
�0.1 mg/ml.
To obtain corroborating evidence, we limited the amount of

available heparan sulfate binding sites on cell surfaces of hepa-
tocyte/hepatoma-derived cells by competing Ad.CMVfLuc�
hFX and Ad.CMVfLuc�mFX transduction with lactoferrin,
which binds to heparin and heparan sulfate (21, 23). AML12
and HepG2 cells were transduced with Ad.CMVfLuc in the
presence of physiological amounts of mFX or hFX, along
with increasing amounts of lactoferrin. Lactoferrin was
much more effective at reducing the efficacy of mFX-pro-
moted Ad.CMVfLuc transduction than it was at reducing the
efficacy of hFX-promoted transduction; i.e. hFX much more

effectively promoted transduction of cells with limited avail-
ability of heparan sulfate binding sites than did mFX (Fig. 6B).
Similarly, partial removal of cell-surface heparan sulfate with
heparin lyases was more effective at limiting mFX-mediated
Ad.CMVfLuc transduction compared with hFX-mediated ade-
novirus transduction (data not shown).
Finally, we directly compared the binding of Ad�hFX and

Ad�mFX toheparin, using heparin-Sepharose chromatography.
Ad.CMVfLuc�hFX and Ad�mFX were applied to the columns,
washed with buffer containing 150 mM NaCl, and eluted with
buffers containing increasingNaCl concentrations. Eluate sam-
ples were then subjected toWestern blot analysis to detect ade-
novirus proteins. The bulk of Ad�mFX eluted at 200 mM NaCl,
whereas Ad�hFX eluted between 250 and 350 mM NaCl (Fig.

00 1 5 10 25

hFX

LF [µg/mL]:

FIGURE 3. The role of heparan sulfate in FX-mediated adenovirus transduction of cancer cell lines and hepatocyte/hepatoma-derived cell lines.
A, heparin blocks hFX-mediated enhancement of adenovirus transduction of LS174T human colorectal cancer cells in a dose-dependent fashion.
B, heparin (10 �g/ml) blocks hFX-mediated enhancement of adenovirus transduction of HT29 (human colorectal) and MC38 (murine colon) cancer cell
transduction. C, heparin (10 �g/ml) blocks hFX-mediated and mFX-mediated enhancement of adenovirus transduction of HepG2 human hepatocellular
carcinoma cells and AML12 murine hepatocyte-derived cells. D, lactoferrin (LF) blocks hFX-mediated enhancement of adenovirus transduction of
LS174T (human) and MC38 (mouse) colon cancer cells. For MC38 cells, lactoferrin concentration was 25 �g/ml. E, lactoferrin (25 �g/ml) blocks both mFX-
and hFX-mediated enhancement of adenovirus transduction of AML12 hepatocyte-derived cells. F, heparinase pretreatment prevents hFX-mediated
adenovirus transduction of MC 38 cells, WAS17.6 cells, and LS174T cells. FX concentration was 10 �g/ml. Cells were harvested 24 h (A) or 48 h (B–F) after
Ad.CMVfLuc addition, and lysates were analyzed for luciferase activity. Values are means � S.D. relative to transduction in serum-free medium (***, p �
0.001; **, p � 0.01; *, p � 0.05).
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6C). These results suggest that Ad�hFX has a greater affinity to
heparin than does Ad�mFX.
Human FX Is More Effective than Murine FX in Mediating

Adenovirus Liver Transduction—Warfarin inhibits the vitamin
K-dependent carboxylation of multiple coagulation factors,
including FX, leading to FX depletion from blood. We com-
pared the efficacy of hFX and mFX in reconstituting Ad.CMV-
fLuc transgene expression in warfarin-treated mice. Treated
animals were injected with Ad.CMVfLuc in the presence of
increasing amounts of either mFX or hFX. Three days later,
hepatic viral transduction efficacy was assessed by analyzing
luciferase activity in liver extracts. As observed for cultured
hepatocyte/hepatoma cells in culture, hFX is able tomore effec-
tively promote hepatic adenovirus transduction than is mFX
(Fig. 7). A two-way analysis of variance demonstrated a signifi-
cant treatment effect difference (p� 0.001) for hFX versusmFX
across all dose levels. These results demonstrate hFX has an
increased ability to mediate adenovirus transduction inmurine
liver in vivo, as well as in cultured cells.

DISCUSSION

Both hFX andmFX increase adenovirus transduction of hep-
atocyte/hepatoma-derived cell lines in cell culture (Fig. 1).
However, for a number of non-hepatic, epithelial cancer cell

lines, only hFX can increase adenovirus transduction. The dif-
ference in mFX versus hFX enhancement of adenovirus trans-
duction of epithelial tumor-derived cells is not due to species
incompatibilities; hFX increased adenovirus transduction for
both human and murine cell lines. In contrast, mFX failed to
increase adenovirus transduction of either murine or human
non-hepatic epithelial-derived tumor cell lines. Moreover,
mFX competitively inhibited hFX-mediated increased cell
transduction, at equimolar concentrations, suggesting that
mFX and hFX interact with the adenovirus hexon protein bind-
ing site with equivalent stoichiometry and affinity, consistent
with findings by Kayuzhniy et al. (10). The data suggest that the
inability of mFX to increase adenovirus cell transduction in
non-hepatic epithelial cancer cells is likely to be due to differ-
ential cell-surface receptor use by Ad�mFX and Ad�hFX com-
plexes or, alternatively, to a different/weaker interaction of the
Ad�mFX complex with a common cell-surface receptor.
hFX-mediated increased transduction of human andmurine

cancer cell lines was blocked by both heparin and lactoferrin
and was prevented by enzymatic removal of heparan sulfate
from the cell surface (Fig. 3). These three independent proto-
cols all suggest that HSPGs are the receptor (or a contributing
and essential part of a receptor complex) responsible for the
hFX-mediated increase in adenovirus transduction of cultured
epithelial cancer cells. Additional insight into the specificity of
hFX-enhanced adenovirus transductionwas obtained by study-

FIGURE 4. hFX-mediated enhancement of adenovirus transduction of
CHO cells mutated in heparan sulfate biosynthesis. The table identifies the
enzymes mutated in the CHO lines and their resulting phenotypes. All cell
lines were transduced with Ad.CMVfLuc in the absence of FX or in the pres-
ence of physiological (10 �g/ml) amounts of mFX or hFX. Luciferase activity
was measured in cell lysates 48 h after virus addition. Values are means � S.D.,
relative to wild-type CHO cell transduction in the absence of FX (***, p �
0.001).

FIGURE 5. Heparan sulfate proteoglycan content of cell lines. CHO cells,
MC38 colon cancer cells, LS174T colon cancer cells, AML12-hepatocye-de-
rived cells, and HepG2 hepatoma-derived cells were trypsinized extensively
to remove HSPGs from the cell surface. The cells were then washed and
counted, and the heparan sulfate concentrations in both the lysed cell pellets
and the cell surface/trypsin-supernatants were determined. The table
describes, for heparan sulfate liberated from the cell surface, the percentages
of N-, 2-O-, and 6-O-sulfation, and the average number of sulfate groups per
disaccharide subunit.
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ing CHO cell mutants. hFX augmented transduction of wild-
type CHO cells, which express HSPGs on their cell surface (22).
In contrast, CHO pgsD-677 cells, which lack heparan sulfate
expression, do not support hFX-increased adenovirus trans-
duction. In pgsD cells, the level of chondroitin/dermatan sul-
fate increases nearly 3-fold (22). Thus the loss of hFX-mediated
enhancement of transduction in the pgsD-677 mutant implies
that elevated levels of chondroitin/dermatan sulfate cannot
substitute for heparan sulfate as an adenovirus�hFX receptor.
CHO pgsF cells contain a mutation affecting the HS-specific
uronyl 2-O-sulfotransferase and lack all 2-O-sulfated uronic
acids in the heparan sulfate chains (19, 20). In the absence of

this enzyme, glucosamine N-sulfation and 6-O-sulfation are
enhanced, resulting in comparable or somewhat higher net
negative charge along the chains relative to heparan sulfate pro-
duced by wild-type CHO cells. Thus, alternative arrangements
of sulfate groups along the heparan chain may serve as an
Ad�hFX heparan binding site. Consistent with this idea, reduc-
tion of overall sulfation of the chains in pgsE-606 cells signifi-
cantly diminished transduction. These results are in part con-
sistent with a study by Bradshaw et al. (9) who showed that
pretreatment ofHepG2 and SKOV3 cells with sodium chlorate,
a selective inhibitor of sulfation, abrogates FX-mediated adeno-
virus transduction. Those authors, however, did not observe

FIGURE 6. The adenovirus�hFX complex has greater affinity for heparan sulfate than does the adenovirus�mFX complex. A, AML12 and HepG2 cells were
transduced with Ad.CMVfLuc plus increasing concentrations of hFX or mFX. Values are averages of the percentage of the maximum FX-enhanced transduction
(“0” is luciferase activity of cells transfected with virus alone; 100% is luciferase activity of cells transfected with virus plus 10 �g mFX or hFX/ml). B, AML12 and
HepG2 cells were transduced with Ad.CMVfLuc in the presence of hFX or mFX (10 �g/ml) and increasing amounts of lactoferrin. For A and B, luciferase specific
activity was measured in cell lysates 48 h after virus addition. Values are means � S.D. C, Ad�mFX and Ad�hFX were loaded onto heparin-Sepharose columns in
buffer containing 150 mM NaCl. The columns were washed with this buffer (flow through, FT), then eluted with buffer containing increasing NaCl concentra-
tions. Eluate samples were subjected to electrophoresis, and membranes were probed with antibody to adenovirus 5 (upper panel). Lower panel, quantification
of immunoblots.
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increased adenovirus transduction in CHO pgsF-17 cells, sug-
gesting that FX-mediated transduction might be dependent on
2-O-sulfated residues rather than a function of sulfation/charge
in general. A definitive explanation for this discrepancy is not
available, but perhaps differences in cell culture conditions,
viral stocks, ormultiplicity of infectionmay have contributed to
these findings.
The inability of mFX tomediate adenovirus transduction via

HSPG-containing receptors present on non-hepatic epithelial
cancer cells and CHO cells raises the question of how mFX
increases adenovirus transduction in hepatocyte/hepatoma-
derived cells such as HepG2 and AML12. The heparan sulfate
chains on hepatocytes aremore highly sulfated than chains pro-
duced in other cell types (20), with regions of the chains resem-
bling therapeutic heparin in charge density, due to the presence
of trisulfated disaccharides. However, HepG2 cells have overall
levels of sulfation similar to CHO and cancer cell lines (Fig. 5,
table). Moreover, the level of trisulfated disaccharide present
onHepG2 cells is substantially less than that present on normal
liver or isolated hepatocytes (20, 24), consistent with the obser-
vation that tumor lines often expressmore undersulfated hepa-
ran sulfate than their normal counterparts (25). However, both
AML12 and HepG2 cells expressed substantially greater
amounts of cell-surface heparan sulfate than do the cancer cell
lines examined (Fig. 5). CHO heparan sulfate expression is in
the same range as that observed for the epithelial cancer cell
lines, consistent with the inability of mFX to increase transduc-
tion in CHO cells. These data suggest that FX-mediated trans-
ductionmay depend onHSPG density or, alternatively, specific
species of HSPGs expressed uniquely by hepatocytes and hep-
atocyte-derived cell lines. Partial blockade of binding sites with
lactoferrinmimics the effect of reducedheparan sulfate density,
relative to hepatocyte/hepatoma derived cells, present both on
epithelial cancer cells and on CHO cells; mFX-mediated ade-
novirus transduction decreased rapidly with increasing
amounts of lactoferrin, for both AML12 and HepG2 cells. In
contrast, hFX-mediated transduction was unaffected over a
large dose range. The data support the hypothesis that reduced

cell-surface HSPG levels contribute to the inability of mFX to
enhance Ad transduction of the non-hepatocyte derived cells.
hFX mediates adenovirus transduction in hepatocyte/hepa-

toma cultures more effectively than mFX at levels below the
physiological concentration of 10�g/ml (Fig. 6A). These results
extrapolate to an in vivo context: hFX more effectively recon-
stitutes the ability of systemically administered adenovirus to
transduce liver in vivo in warfarin-treated, FX-depleted mice
than does mFX (Fig. 7). The difference in transduction efficacy
does not reflect differences in binding of mFX to the virion,
based on competition experiments (Fig. 2) and surface plasmon
resonance experiments (10), but instead appears to reflect
intrinsic differences in the ability of mFX and hFX to promote
adenovirus binding to heparan sulfate. hFX interacts with hep-
arin (26). By comparing the structure of hFX to thrombin
(another serine protease in the coagulation pathway that binds
to heparin), a putative heparin-binding site has beenmapped to
a series of arginine and lysine residues that reside on the surface
of the FX protein (27). Comparison of mFX and hFX sequences
shows a high degree of conservation, including the putative
residues involved in heparin binding. However, hFX contains
two additional lysine residues contiguous to the proposed hep-
arin binding site, suggesting the possibility that the additional
charge interactions of hFXwith sulfate residues in heparan sul-
fate increases the affinity of hFX relative to mFX. Consistent
with this suggestion, heparin-Sepharose chromatography
demonstrated that Ad�hFX has greater heparin affinity than
Ad�mFX.
In reviewing the literature, we find that studies reporting

FX-enhanced adenovirus transduction in cultured cell lines
other than hepatocytes either used hFX or did not specify
whether hFX or mFX was used. Jonsson et al. (28) analyzed the
effect of FIX and FX on adenovirus transduction of human epi-
thelial cells. Although the authors did not specify from which
species the factors were derived, they most likely used human
coagulation factors, because they also reported the effects of
human saliva, plasma, and tear fluid on adenovirus transduc-
tion of human epithelial cells. FX increased adenovirus trans-
duction ofA549 human lung cancer cells by over 5-fold, and the
increased transduction was blocked by heparin competition
and eliminated by pretreatment of the cells with heparin lyases
(28). Increased transduction in the presence of FX was also
reported in A431 (epithelial carcinoma) (29), in BxPC3 (pan-
creatic carcinoma) cells (29), and in SKOV3 (ovarian carci-
noma) cells (8, 9).
Several laboratories have demonstrated that adenovirus

unable to bind FX is effectively untargeted from liver in vivo (8,
10, 11, 30–33). Vigant et al. (33) reported that one such virus,
with a modified hexon hypervariable region 5, was as effective
as wild-type adenovirus in transducing subcutaneous murine
melanoma and murine lung carcinoma tumors in mice follow-
ing intratumoral injection. Their data suggest that, in vivo,
endogenous mFX does not play a role in adenovirus transduc-
tion of tumor cells, in contrast to its ability to enhance adeno-
virus liver transduction. These data are consistent with our
results; we found that mFX did not enhance adenovirus trans-
duction ofmany non-hepatic epithelial tumor cells. In contrast,
Gimenez-Alejandre et al. (29) report that, following intrave-

FIGURE 7. Adenovirus liver transduction of warfarin-treated mice recon-
stituted with exogenous human FX or murine FX. C57BL/6 mice were pre-
treated with warfarin and injected intravenously with Ad.CMVfLuc (3 � 1010

particles/mouse) along with mFX or hFX. Hepatic luciferase transgene expres-
sion was analyzed 3 days later. Both dose and treatment effects (mFX versus
hFX) are statistically significant; p � 0.02 and p � 0.001, respectively. Individ-
ual mFX versus hFX concentrations were compared using the Student’s t test,
n � 5– 8 mice per group (*, p � 0.05).Values are means � S.E.
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nous administration, adenovirus transduction of subcutaneous
human A549 or A431 xenograft tumors is reduced in mice by
prior warfarin injection, suggesting that mFX (and/or other
warfarin-inhibited blood components) can mediate adenovi-
rus-enhanced transduction of some epithelial tumors in mice.
In this latter study the specific role of mFX, versus other blood
factors, in enhancing adenovirus transduction of liver and of
tumor cells was, however, not investigated by FX reconstitution
experiments.
One of the major goals in using adenovirus either for trans-

gene or oncolytic therapies, or as a vector for non-invasive
imaging, is to modify viral tropism in vivo, untargeting “unde-
sirable” cells and retargeting the vector to specific, desired tis-
sues or cell types (34). Clearly, to develop untargeting and
retargeting strategies for therapeutic adenovirus vectors, it is
important to understand the mechanisms by which adenovirus
infects cells. Our findings demonstrate that hFX may have an
overall increased ability to mediate adenovirus transduction
compared with mFX, including mediating transduction of a
wider variety of cells other than hepatocytes. These results are
likely to be of importance in using animal models of adenovirus
targeting and in interpreting the results of such experiments, as
well as in extrapolating conclusions from these models to clin-
ical trials.
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