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Most adenoviruses bind directly to the coxsackie and adenovirus receptor (CAR) on target cells in vitro, but
recent research has shown that adenoviruses can also use soluble components in body fluids for indirect
binding to target cells. These mechanisms have been identified upon addressing the questions of how to de- and
retarget adenovirus-based vectors for human gene and cancer therapy, but the newly identified mechanisms
also suggest that the role of body fluids and their components may also be of importance for natural, primary
infections. Here we demonstrate that plasma, saliva, and tear fluid promote binding and infection of adeno-
virus type 5 (Ad5) in respiratory and ocular epithelial cells, which corresponds to the natural tropism of most
adenoviruses, and that plasma promotes infection by Ad31. By using a set of binding and infection experiments,
we also found that Ad5 and Ad31 require coagulation factors IX (FIX) or X (FX) or just FIX, respectively, for
efficient binding and infection. The concentrations of these factors that were required for maximum binding
were 1/100th of the physiological concentrations. Preincubation of virions with heparin or pretreatment of cells
with heparinase I indicated that the role of cell surface heparan sulfate during FIX- and FX-mediated
adenovirus binding and infection is mechanistically serotype specific. We conclude that the use of coagulation
factors by adenoviruses may be of importance not only for the liver tropism seen when administering adeno-
virus vectors to the circulation but also during primary infections by wild-type viruses of their natural target
cell types.

The human adenoviruses (Ads) are divided into six different
species (A to F) that between them contain more than 50
distinct serotypes. These cause infections in airways (species B,
C, and E), the eyes (species B, C, D, and E), the tonsils (species
C), the liver (species C), the urinary tract (species B), and the
intestine (species A and F) (50). The tropisms of these viruses
are complex, and they may either overlap or vary between or
within species, or they can even be specific for serotypes
within a certain species. For example, the severe ocular
condition known as epidemic keratoconjunctivitis (EKC) is
mainly caused by only three Ad serotypes (Ad8, Ad19, and
Ad37) of the 31 Ad serotypes in total in species D, and cystitis
is caused by some, but not all, species B Ads. Moreover, the
prevalence of serum antibodies to species A Ads is relatively
high (49), but they are not associated with disease to the same
extent as they are with many other Ads. In otherwise healthy
individuals, Ads of species A are mainly asymptomatic, but
in immunocompromised individuals, these Ads (Ad31 in
particular) are frequently associated with disease and mor-
bidity (16).

The complexity of Ad tropism is matched by the complexity
and large number of receptors identified for these viruses.
Previously, it was assumed that all Ads attach to target cells

directly through an interaction between the knob domain of
the viral fiber protein and specific cell surface receptors. It was
suggested that the coxsackie and adenovirus receptor (CAR)
acted as a cellular receptor for selected Ads belonging to
species A, C, D, E, and F (7, 36, 41). Heparan sulfate (13, 40),
integrins (6, 24, 48), major histocompatibility complex class I
�2 (17), vascular cell adhesion molecule 1 (11), and scavenger
receptors (51) have been suggested as alternative receptors or
coreceptors for species C Ads. Species B Ads and EKC-causing
species D Ads do not use CAR as a receptor (2, 36). Instead,
most species B Ads use CD46 as a cellular receptor (14, 26, 37)
and the EKC-causing Ads use sialic acid (3, 4, 9).

Clearly, CAR is an efficient receptor for several Ads on non-
polarized cells that have been cultured in vitro. More recent
research has, however, indicated that CAR is not expressed api-
cally on polarized epithelial cells (46) that more closely mimic the
in vivo situation. In addition, CAR is not expressed at all on
primary T-lymphoid cells (10). Consequently, in the in vivo situ-
ation, it is likely that species C Ads can attach to and enter
epithelial and T-lymphoid target cells independently of CAR;
thus, the use of alternative receptors has been suggested (12).

Great efforts have been made to minimize the liver tropism
obtained in vivo, by using gene therapy vectors based mainly on
species C Ads. These efforts have attempted to disrupt binding
to CAR, integrins, and/or heparan sulfate (8, 22, 23, 25, 28, 39,
40, 52); however, the results from these experiments have been
inconsistent. Transduction of hepatocytes by species C-based
vectors was recently suggested to depend on the binding of the
most abundant structural protein of the virus particle, the
hexon, to coagulation factor X (FX); the latter mediates indi-
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rect viral binding to cell surface heparan sulfate proteoglycans
on hepatocytes (21, 42). Similar indirect binding of species C
Ads to target cells can be achieved with dipalmitoyl phosphati-
dylcholine (DPPC) or lactoferrin (5, 19). DPPC is secreted by
alveolar epithelial cells and lactoferrin is secreted by, for ex-
ample, neutrophils into epithelial mucosa and tear fluid. Lact-
oferrin-mediated infection is specific for species C Ads and is
associated with the ability of these Ads to cause tonsillitis, a
feature that has not been observed for other Ads. As with FX,
DPPC also binds to the hexon protein. Both coagulation factor
IX (FIX) and lactoferrin have been suggested to interact with
the fiber protein (19, 38), but in both of these cases, this still
has to be confirmed.

Based on the above findings, we hypothesized that soluble
components in various body fluids may be of more importance
for the cellular binding and viral tropism of Ads than was
previously recognized. Here we set out to investigate the ef-
fects of four different human body fluids—plasma, tear fluid,
breast milk, and saliva—on Ad infection in cells that reflect the
ocular and respiratory tropism of several Ads. We found that
FIX and FX promote binding of species C Ads, and also
species A Ads, to human epithelial cells. These coagulation
factors are mainly present in blood. Various stimuli, however,
including inflammatory responses, may trigger exudation of
plasma components at the respiratory mucosa (34). Moreover,
upon damage to tissue, various coagulation factors may be
produced directly by respiratory epithelial cells (33), which
suggests that coagulation factors may also be present outside
the blood and, specifically, in tissues that are targeted by Ads.
The data presented here indicate that coagulation factors may
be of importance not only when Ads enter the circulation, i.e.,
when used as gene therapy vectors, but also during natural Ad
infections in humans.

MATERIALS AND METHODS

Cells, viruses, antibodies, and body fluids. Human lung carcinoma A549 cells
and human corneal epithelial (HCE) cells were grown as described previously
(29). Human intestinal epithelial FHs74Int cells were purchased from LGC
Promochem (Teddington, United Kingdom) and grown according to the instruc-
tions. The prototype strains of species A serotype Ad31 (strain 1315/63), species
B serotypes Ad3 (GB) and Ad35 (Holden), species C serotype Ad5 (Ad75),
species D serotype Ad37 (1477), species E serotype Ad4 (RI-67), and species F
serotype Ad41 (Tak) were produced with or without 35S labeling in A549 cells,
as described previously (20). To avoid the possibility that virions might be
copropagated with traces of coagulation factors from bovine calf serum present

in the cell culture medium, virions were purified only from nonlysed cells, thus
preventing contact between virions and coagulation factors before removal of the
medium. The absence of coagulation factors associated with purified virions was
confirmed with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (data
not shown). Serotype-specific rabbit polyclonal antisera to Ads were prepared as
described previously (45). Body fluids (saliva, plasma, breast milk, and tear fluid)
were collected from volunteers.

Fluorescent focus assay. The effects of various body fluids and body fluid
components on Ad infection of A549 and HCE cells were examined essentially
as described previously (20). Virions were preincubated on ice with human body
fluids (breast milk, tear fluid, plasma, or parotid saliva [all diluted 1:100]), FIX
(Calbiochem, Darmstadt, Germany), FX or protein C (both from Haematologic
Technologies Inc., Essex Junction, VT), FVII (Innovative Research Inc., Novi,
MI), or complement components C3b, iC3b, C3dg, C4b, and C4dg (kindly pro-
vided by David Isenman, Department of Biochemistry, University of Toronto,
Canada) for one hour before infection of cells. All coagulation factors were used
at physiological concentrations: 5 �g/ml (FIX), 10 �g/ml (FX), and 0.5 �g/ml
(FVII) (30, 35). The complement components were used at the following con-
centrations: 3 �g/ml (C3b), 10 �g/ml (iC3b), 5 �g/ml (C3dg), 4 �g/ml (C4dg), 2
�g/ml (C4b), and 4 �g/ml (protein C). In some cases, 10 mM EDTA (Merck,
Darmstadt, Germany) was included in the incubation mixture. Other exceptions
to the method from reference 20 included the following: (i) serum-free medium
was used throughout; (ii) prior to the addition of virions, the cells were washed
three times with serum-free medium to remove traces of coagulation factors
from the cell culture medium; (iii) the number of virions added to the wells was
adapted to optimize quantification of each serotype; (iv) after incubating the
cells with virions, the cells were washed three times with serum-free medium; (v)
in some cases, cells were treated with heparinase I or II (Sigma) prior to
incubation with virions; (vi) an extra wash step with water was included before
mounting; (vii) the fluorescein isothiocyanate-conjugated swine anti-rabbit im-
munoglobulin G antibody was diluted 1:50 with one exception (Table 1; 1:100);
and (viii) 20� magnification instead of 10� was used when analyzing samples by
fluorescence microscopy.

Binding assay. Study of the effects of plasma components on the binding of
Ad5 and Ad31 to target cells was performed essentially as described previously
(20). In some experiments, virions were preincubated with increasing concentra-
tions of FIX or FX, with EDTA (10 mM), and/or with increasing concentrations
of heparin (Sigma) before incubation with cells. In some experiments, cells were
preincubated with increasing concentrations of heparinase I (Sigma) before
incubation with virions.

Gene delivery assay. Ad5CMVeGFP vectors (Baylor College of Medicine,
Houston, TX) were incubated on ice for one hour with increasing concen-
trations of FIX or FX. Virion mixtures were added to subconfluent cultures
of A549 or HCE cells in 24-well plates and incubated in Dulbecco’s modified
(high-glucose) essential medium [containing penicillin-streptomycin (PEST)
and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), but no fe-
tal calf serum] for one hour on ice. Unbound virions were removed by
washing. The numbers of virions added to each cell type were adapted to
optimize quantification by flow cytometry (104 virions per HCE cell, and 5 �
103 virions per A549 cell). After 44 h of incubation in supplemented hormone
epithelial medium (containing PEST, HEPES, and 1% fetal calf serum) (1),
the cells were harvested, washed, and resuspended in phosphate-buffered

TABLE 1. Infection levels detected with dilutions of various body fluidsa

Serotype (species)

Infected cells with:

Plasma Tear fluid Saliva Breast milk

HCE A549 HCE A549 HCE A549 HCE A549

Ad31 (A) �� � — — — — — —
Ad3 (B1) — — — — — — — —
Ad35 (B2) — — — — — — — —
Ad5 (C) �� �� �� �� — �� — —
Ad37 (D) — — — — — — — —
Ad4 (E) — — — — — — — —
Ad41 (F) — — — — — — — —

a Virions were preincubated with 1:100 dilutions of various body fluids and then allowed to infect epithelial cells. Forty-four hours postinfection, the cells were fixed
with methanol and stained as described in Materials and Methods, and the number of infected cells was determined by fluorescence microscopy. “�” and “��” denote
a 0 to 300% and a �300% increase in the number of infected cells, respectively, whereas a dash denotes no increase or a small decrease (�50%).
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saline. The samples were analyzed using a FACScan flow cytometer and
LYSIS II software (Becton Dickinson).

Statistical analysis. All experiments were performed at least three times
(except the experiments presented in Table 1, which were performed twice)
with duplicate samples in each experiment. Results are expressed as means �

standard deviations (SD), and statistical significance was evaluated by paired
Student t tests. All P values of �0.05 were considered statistically significant.

RESULTS

Tear fluid, plasma, and saliva promote infection of Ad5 in
human epithelial cells. Specific components in tear fluid,
blood, and respiratory mucosa can promote species C Ad in-
fection of target cells, mainly by serving as a bridge between

FIG. 1. Physiological concentrations of FIX and FX promote efficient Ad5 infection of A549 cells (A) and HCE cells (B). Purified Ad5 virions
were preincubated with or without physiological concentrations of coagulation factors, complement components, and/or 10 mM EDTA, as
indicated, and then allowed to infect adherent cells. Forty-four hours postinfection, the cells were stained and quantified in a fluorescence
microscope. The control infection level corresponds to the y axis value of 1. Values are means � SD. *, P of �0.05 versus control. The bars indicate
comparisons between FIX and FIX-EDTA or between FX and FX-EDTA.

FIG. 2. Coagulation factors promote efficient Ad5 binding and gene delivery to epithelial cells in a dose-dependent manner. (A) 35S-labeled
CsCl-purified Ad5 virions were preincubated with or without increasing concentrations of FIX or FX and then incubated with A549 or HCE cells
in suspension on ice for one hour. Unbound virions were removed by washing, and the cell-associated radioactivity was measured in a scintillation
counter. (B) GFP-expressing, CsCl-purified Ad5 viruses were preincubated with or without increasing concentrations of FIX or FX and then
incubated with adherent A549 or HCE cells on ice for one hour. Unbound viruses were removed by washing. The cells were incubated at 37°C
for another forty-four hours. Next, GFP-expressing cells were quantified by flow cytometry. The control binding level corresponds to the y axis value
of 1. Values are means � SD. *, P of �0.05 versus control; **, P of �0.01 versus control.
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virions and cells, which enhances viral binding to the target cell
surface (5, 19, 38). These findings led us to investigate the
effects of different body fluids on the infectivity of Ads in a
broader sense. Purified virions representing each species (A,
Ad31; B1, Ad3; B2, Ad35; C, Ad5; D, Ad37; E, Ad4; and F,
Ad41) were preincubated with 100-fold-diluted tear fluid,
plasma, breast milk, or saliva on ice for one hour and then
allowed to infect cells representing the respiratory (A549) and
ocular (HCE) tropism of many Ads. With few exceptions, Ads
from species B and D to F were weakly inhibited by all body
fluids (Table 1), possibly as a result of the presence of neutral-
izing antibodies. However, tear fluid and plasma efficiently
promoted infection of Ad5 in both A549 and HCE cells, and
saliva promoted infection of Ad5 in A549 cells but not in HCE
cells. Ad31 infection in A549 and HCE cells was also pro-
moted, but only by plasma.

FIX and FX promote Ad5 infection of epithelial cells. Sev-
eral coagulation factors and/or complement components have
been suggested to mediate transduction of Ad5 in hepatocytes

(32, 38). We found that preincubation of Ad5 virions with
complement components C3b, iC3b, C3dg, C4b, and C4dg (at
physiological concentrations) did not promote infection of
A549 cells (Fig. 1A) or HCE cells (Fig. 1B). However, at
physiological concentrations, both FIX and FX promoted ef-
ficient infection of Ad5 in both A549 cells (fivefold) and HCE
cells (60- to 100-fold). Coincubation with EDTA efficiently
reduced the promoting effects of FIX and FX, indicating that
divalent cations are of importance. Preincubation of Ad5 viri-
ons with FIX or FX promoted efficient virus binding to epi-
thelial cells in a dose-dependent manner (Fig. 2A). The phys-
iological concentration of FIX (5 �g/ml in blood) was required
for efficient enhancement of Ad5 binding to A549 and HCE
cells, whereas only 0.1 �g/ml of FX (corresponding to 1% of
the physiological concentration of FX in blood) promoted Ad5
binding as efficiently as the physiological concentration (10
�g/ml in blood). Also, FIX and FX were both found to pro-
mote efficient transduction with green fluorescent protein
(GFP)-expressing, Ad5-based vectors in A549 and HCE cells

FIG. 3. Cell surface heparan sulfate is required for FIX- and FX-mediated binding of Ad5 to and infection of epithelial cells. Ad5 virions were
preincubated with or without physiological concentrations of FIX or FX and increasing concentrations of heparin and then allowed to bind to A549
cells (A) or HCE cells (B) or to infect A549 cells (C) or HCE cells (D). Alternatively, Ad5 virions were preincubated with or without physiological
concentrations of FIX or FX and then allowed to bind to A549 or HCE cells (E and G) or to infect A549 or HCE cells (F and H) pretreated with
increasing concentrations of heparinase I. In binding assays, cell-associated radioactivity was measured with a scintillation counter, whereas in
infection assays, infectivity was quantified by fluorescence microscopy. Values are means � SD. *, P of �0.05 versus control; **, P of �0.01 versus
control; ***, P of �0.001 versus control.
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in a dose-dependent manner (Fig. 2B). Thus, physiological
concentrations of FIX and only 1% of the physiological con-
centration of FX were necessary or sufficient, respectively, to
mediate an efficient enhancement in gene delivery. This sug-
gested that the mechanism behind plasma-mediated binding of
Ad5 to and infection of human respiratory or ocular epithelial
cells could possibly involve FIX or, more likely, FX. We also
tested whether the effect of coagulation factors was due to
proteolytic cleavage of Ad5 virions by analyzing virions treated
with or without coagulation factors with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, but we found no
evidence of proteolytic degradation (data not shown), thus
supporting the previous findings of Parker et al. that this
phenomenon is mediated by direct binding between the
virus and FX or FIX, instead of being a result of the enzy-
matic modification of virions (32).

Heparan sulfate is required for FIX- and FX-dependent
binding of Ad5 to and infection of epithelial cells. Cell surface
heparan sulfate has been suggested to mediate FIX- and FX-
dependent binding of Ad5 to target cells (31, 38). To deter-
mine whether heparan sulfate is also required for FIX- and/or

FX-dependent binding of Ad5 to epithelial cells, we first
coincubated Ad5 virions with physiological concentrations
of FIX or FX in the presence of increasing concentrations of
heparin, which is a somewhat more sulfated analog of heparan
sulfate. At the concentrations used, heparin efficiently outcom-
peted both FIX- and FX-dependent binding of Ad5, but not
basal level binding (i.e., in the absence of FIX and FX) to A549
cells (Fig. 3A) and HCE cells (Fig. 3B). Similarly, the effect of
FIX and FX on Ad5 infection was efficiently reduced in both
A549 cells (Fig. 3C) and HCE cells (Fig. 3D), indicating that
cell surface heparan sulfate is required for FIX- and FX-de-
pendent infection of Ad5 in epithelial cells. To study the in-
volvement of heparan sulfate during FIX/FX-mediated Ad5
binding in greater depth, we pretreated epithelial cells with
increasing concentrations of heparinase I, thus cleaving cell
surface heparan sulfate from the cell surface (18), before in-
cubation with virion-FIX/FX mixtures. As expected, hepari-
nase I treatment efficiently blocked FIX- and FX-dependent
binding of Ad5 to both A549 cells (Fig. 3E) and HCE cells
(Fig. 3F), but not basal level binding. Also, similar results were
obtained in the infectivity assay (Fig. 3G and H). Together,

FIG. 4. Low concentrations of FIX promote efficient binding of Ad31 to and infection of epithelial cells. Purified Ad31 virions were
preincubated with or without physiological concentrations of complement components, or coagulation factors, with or without EDTA as indicated,
and then allowed to infect adherent A549 cells (A) or HCE cells (B). Forty-four hours postinfection, infected cells were stained and quantified
by fluorescence microscopy. (C) 35S-labeled, CsCl-purified Ad31 virions were preincubated with or without increasing concentrations of FIX and
then incubated with A549 or HCE cells in suspension on ice for one hour. Unbound virions were removed by washing, and cell-associated
radioactivity was measured with a scintillation counter. The control binding level corresponds to the y axis value of 1. Values are means � SD. *,
P of �0.05 versus control; **, P of �0.01 versus control. The bars in panels A and B indicate comparisons between FIX and FIX-EDTA or between
FX and FX-EDTA.
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these experiments confirmed the role of cell surface heparan
sulfate in FIX- and FX-dependent binding of Ad5 to epithelial
cells.

Ad31 infection of epithelial cells is promoted by FIX, but not
by FX. In addition to Ad5, the only Ad serotype that was found
to infect A549 and HCE cells more efficiently in the presence
of plasma was Ad31. Selected coagulation factors and comple-
ment components were investigated for their possible effects in
promoting Ad31 infection of A549 cells (Fig. 4A) and HCE
cells (Fig. 4B). As for Ad5, none of the complement compo-
nents used had any substantial effects. Unlike the situation
with Ad5, however, only FIX—but surprisingly not FX—pro-
moted efficient Ad31 infection of both A549 and HCE cells.
Physiological concentrations of FIX promoted Ad31 infection
more than 10-fold in A549 cells and more than 50-fold in HCE
cells, compared to the levels in the corresponding controls
(without FIX). Also, as with Ad5, addition of EDTA to the
incubation mixtures inhibited the promoting effects of FIX on
Ad31 binding. Binding experiments gave a similar pattern:
binding of Ad31 to A549 and HCE cells increased 5- to 15-fold
with as little as 0.05 �g/ml FIX (Fig. 4C), i.e., 100-fold less than
the physiological concentration, which was similar to the con-
centration of FX that was sufficient to promote efficient bind-
ing of Ad5. FIX-mediated binding of Ad31 to A549 and HCE
cells was reduced to basal levels when virions were preincu-

bated with heparin (Fig. 5A and B). However, basal binding (in
the absence of FIX) was not affected by heparin. Similar results
were obtained in infection assays: 1 �g/ml heparin reduced,
and 10 �g/ml completely blocked, FIX-mediated Ad5 infection
of A549 and HCE cells (Fig. 5C). The concentrations of hep-
arin required to completely block the promoting effect of FIX
on Ad31 binding and infection were higher than those required
to block the promoting effect of FIX and FX on Ad5 binding
and infection (compare Fig. 3A and B with Fig. 5A and B, and
Fig. 3C and D with Fig. 5C). Moreover, heparinase I pretreat-
ment of A549 and HCE cells had little or no effect on FIX-
mediated binding of Ad31 to and infection of A549 and HCE
cells (Fig. 6). Prolonging the incubation time, elevating the
temperature (incubation at 37°C instead of room tempera-
ture), or replacing heparinase I with heparinase II, which
cleaves heparan sulfate more efficiently than heparinase I (18),
did not lead to reduced binding (data not shown). Together,
these results suggested that FIX, but not FX, efficiently pro-
motes efficient Ad31 infection of human epithelial cells and
that the involvement of heparan sulfate is not as pronounced
for FIX-mediated Ad31 infection as it is for FIX- and FX-
mediated Ad5 infection of epithelial cells.

FIX promotes binding of Ad31 to and infection of intestinal
epithelial cells. Species A Ads are rarely isolated from adults,
but the seroprevalence is relatively high (44, 49), indicating

FIG. 5. Preincubation of Ad31 with heparin inhibits FIX-mediated binding to and infection of epithelial cells. Ad31 virions were preincubated
with or without physiological concentrations of FIX and increasing concentrations of heparin and then allowed to bind to A549 cells (A) or HCE
cells (B) or to infect A549 cells or HCE cells (C). Cell-associated radioactivity (i.e., the extent of 35S-labeled Ad31 virions) was measured with a
scintillation counter, and the infectivity was quantified by fluorescence microscopy. Values are means � SD. *, P of �0.05 versus control; **, P of
�0.01 versus control.
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that these infections are often asymptomatic. Whenever symp-
tomatic, however, the clinical manifestations are usually gas-
trointestinal (44). To determine whether coagulation factors
are used by Ad31 for infection of intestinal cells, we first
preincubated Ad31 virions with coagulation factors and then
analyzed infection of intestinal FHs74Int cells. As with A549
and HCE cells, FIX promoted infection of FHs74Int cells
almost 15-fold but FVII and FX had no detectable effect (Fig.
7A) compared to the control. Coincubation with EDTA abol-
ished the promoting effect of FIX, again indicating a role of
divalent cations. Preincubation of Ad31 with as little as 0.025
to 0.05 �g/ml FIX resulted in an approximately fivefold in-
crease in Ad31 binding to FHs74Int cells (Fig. 7B), which was
similar to the concentrations required for FIX-mediated bind-
ing of Ad31 to A549 and HCE cells. Heparin pretreatment of
Ad31 virions reduced the promoting effect of FIX on Ad31
infection of FHs74Int cells (Fig. 7C), but heparinase I pretreat-
ment of FHsInt74 cells did not have any inhibitory effect (Fig.
7D); the results thus corresponded to those with A549 and
HCE cells. However, heparinase I treatment of FHs74Int cells
efficiently reduced both FIX- and FX-mediated Ad5 binding
(data not shown), indicating that the difference in sensitivity to
heparinase I was virus specific rather than cell type specific.
Thus, the involvement of heparan sulfate in FIX-mediated
binding of Ad31 to and infection of epithelial cells is different

from that of the FIX- and FX-mediated binding and infection
of Ad5.

DISCUSSION

It has been shown previously that three types of soluble
components in human body fluids promote binding of Ads to
human target cells. Coagulation factors, and FX in particular,
mediate binding of Ads to hepatocytes (21, 31, 32, 38, 42, 43),
whereas DPPC (5) and lactoferrin (19) mediate binding of Ads
to and infection of respiratory and other epithelial cells as well
as T cells. Here we have shown that two serotypes that com-
monly infect humans, Ad5 (of species C) and Ad31 (of species
A), infect human epithelial cells—cells that represent the re-
spiratory and ocular tropisms of several Ads—more efficiently
in the presence of plasma, tear fluid, or saliva. Ad5 was found
to use FIX or FX, whereas Ad31 was found to use FIX only,
for efficient binding to and infection of epithelial cells. These
effects are dose dependent and require divalent cations. FIX-
and FX-mediated binding of Ad5 to and infection of epithelial
cells appears to require the presence of cell surface heparan
sulfate, but the role of heparan sulfate during FIX-mediated
binding and infection of Ad31 is still unclear.

In immunocompetent individuals, Ad5 viremia is uncom-
mon and systemic Ad5 infections, including hepatitis, are also

FIG. 6. Treatment of epithelial cells with heparinase I has no effect on FIX-mediated Ad31 binding and infection. Ad31 virions were
preincubated with or without physiological concentrations of FIX and then allowed to bind to A549 cells (A) or HCE cells (B) or to infect A549
or HCE cells (C) pretreated with increasing concentrations of heparinase I. In binding assays, cell-associated radioactivity was measured with a
scintillation counter, whereas in infection assays, infectivity was quantified by fluorescence microscopy.
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rare. Despite this, Ad5 has evolved to interact efficiently with
FX via the hexon protein, which results in efficient transduc-
tion of hepatocytes after administration of Ad5-based vectors
into the circulation. The KD (equilibrium dissociation con-
stant) values reported for Ad5 virions binding to FX range
from 0.229 nM (21) to 1.83 nM (42), depending on the exper-
imental approach. The high affinity suggests that this interac-
tion, during natural infections, may have functions other than
mediating liver tropism. Blood is obviously the natural envi-
ronment for coagulation factors, but they may also—via exu-
dation—be transferred to the respiratory mucosa (34). In ad-
dition, coagulation factors may also be produced directly by
bronchial cells and secreted into the mucosa (33). The concen-
trations of coagulation factors in body fluids other than blood
are unknown. We found that as little as 1% of the blood
concentrations of FX was sufficient to mediate efficient binding
and infection of Ad5 and that as little as 1% of the blood
concentration of FIX was sufficient to mediate efficient binding
and infection of Ad31, in both cases using cells that correspond
to the natural tropisms of these (and other) Ads. Conse-

quently, these results suggest that even at low concentrations,
these factors may promote natural infections by Ads at loca-
tions other than the liver, such as the respiratory tract, the eyes,
or the intestine.

The interactions of FX with Ad serotypes of species A to F
have been studied with surface plasmon resonance (42). Inter-
estingly, unlike Ad5, Ad31 was not found to interact with FX,
which is in agreement with our observation that FIX, but not
FX, promoted binding of Ad31 to and infection of epithelial
cells. Another difference between Ad5 and Ad31 was that
heparinase I efficiently blocked both FIX- and FX-mediated
binding of Ad5, but not FIX-mediated binding of Ad31. We
found this to be rather puzzling, since heparin inhibited FIX-
mediated Ad31 binding, albeit at higher concentrations than
were required for inhibition of Ad5 binding. The effects of
heparin indicate that the cellular receptor binding sites on FX
and FIX that mediate indirect binding of Ad5 and Ad31 (re-
spectively) to target cells are related to each other in amino
acid sequence and are probably located in similar regions of
FIX and FX. However, the results from the heparinase I ex-

FIG. 7. FIX promotes efficient binding of Ad31 to and infection of intestinal cells, independently of cell surface heparan sulfate. (A) Ad31
virions were preincubated with coagulation factors, with or without EDTA as indicated, and allowed to infect adherent intestinal FHs74Int cells
for forty-four hours. Infected cells were stained and quantified as described in Materials and Methods. (B to D) 35S-labeled, CsCl-purified Ad31
virions were preincubated with increasing concentrations of FIX (B) or with/without fixed (physiological) concentrations of FIX and increasing
concentrations of heparin (C), or with/without fixed concentrations of FIX, and then mixed with cells pretreated with increasing concentrations
of heparinase I (D) for one hour on ice. Unbound virions were washed, and cell-associated radioactivity was measured in a scintillation counter.
Values are means � SD. *, P of �0.05 versus control; **, P of �0.01 versus control. Bars in panel A indicate comparisons between FIX and
FIX-EDTA or between FX and FX-EDTA.
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periments indicate that whereas FIX and FX mediate binding
of Ad5 specifically to cell surface heparan sulfate, this glycos-
aminoglycan does not appear to be involved in FIX-mediated
binding of Ad31 to target cells. Thus, FIX-mediated binding of
Ad31 to epithelial cells is likely to involve a heparin binding
site on FIX but most likely does not involve cell surface hepa-
ran sulfate. Alternatively, FIX-mediated binding of Ad31 to
target cells may involve a glycosaminoglycan other than hepa-
ran sulfate that is not sensitive to the heparinases used here.
Moreover, the concentration of FIX that was found to be
required for efficient Ad31 binding was much lower than the
concentrations of FIX found to be required for efficient Ad5
binding, which further indicates that the mechanisms of FIX-
mediated binding of these two viruses may be fundamentally
different. It is, however, too early to exclude alternative expla-
nations to those suggested above.

It has been demonstrated previously that lactoferrin in tear
fluid, DPPC in the respiratory mucosa, and blood coagulation
factors promote binding to, or transduction of, target cells by
species C Ads. Here we have shown that saliva also promotes
Ad5 infection of A549 cells, but not of HCE cells. The reason
for this difference is unclear. However, the concentrations of
DPPC, lactoferrin, and coagulation factors would be expected
to be very low in saliva; if this is true, it is likely that saliva
contains components, other than those mentioned above, that
promote binding of Ad5 to cells in a way similar to that seen
for the other soluble components. In our system, breast milk
was the only body fluid that did not promote infection of any
Ads. The only effect of milk was a small and general inhibition
of infection. The reasons for this could be a lack of specific
components, such as coagulation factors, in milk. However, the
high concentrations of lactoferrin in milk indicate that the
slightly inhibitory effect of milk may be due to the presence of
inhibitory components, such as antibodies or antiviral peptides,
rather than the absence of promoting components.

The effect of coagulation factors on infection of HCE cells
by Ads was generally greater than the effect in A549 cells. This
is probably because HCE cells express less CAR than do A549
cells (29). Thus, the basal, coagulation factor-independent
level of infection is therefore likely to be higher in A549 cells,
and consequently, the effect of coagulation factors becomes
less obvious. In vivo, however, where CAR is absent on the
apical sides of epithelial cells (47), the relative effect of coag-
ulation factors would be expected to be even higher. There is
an accumulating amount of data suggesting that whereas CAR
is an efficient receptor for Ads on nonpolarized target cells in
vitro, it may not be the major receptor for Ads in vivo. In
addition to the lack of apically located CAR on polarized
target epithelial cells, CAR is not expressed at all on T cells
(10), which are secondary target cells for species C Ads (15).
Unlike CAR, heparan sulfate is indeed expressed apically on
polarized epithelial cells (27), which suggests that viral binding
to cell surface heparan sulfate on polarized epithelial cells via
coagulation factors is likely to be relevant in vivo. Moreover, a
major role of the fiber-CAR interaction may be to facilitate
escape from the site of infection rather than cellular entry (46).
Based on this, it is reasonable to believe that other components
and mechanisms (including coagulation factors, DPPC, and
lactoferrin) mediate CAR-independent Ad infections of natu-
ral target cells in vivo. When Ads (or Ad-based vectors) enter

the circulation, however, it appears that FX is a key determi-
nant of liver transduction. Outside the circulation, the situation
is more complex and the relative importance of soluble com-
ponents requires further examination. It is, however, clear that
soluble components in various body fluids have important roles
in Ad tropism and that additional components and mecha-
nisms that are used by Ads and perhaps other, unrelated vi-
ruses remain to be discovered.
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