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F). Fiber length has been reported to play a crucial role in
interactions with CAR (29). Consequently, adenoviruses from
all species except those of species B, which have the shortest
fibers, have been found to interact with CAR (27). Species D
adenoviruses have fibers of intermediate length, and at least
two serotypes from species D, Ad9 and Ad19p, have been
shown to interact with soluble CAR, albeit with a much lower
affinity compared to the fibers of Ad5 (species C) (24, 27). The
knob domains of Ad5 and Ad12 (of species A) have been
thoroughly investigated by X-ray crystallography and mutational studies, demonstrating that the CAR-interacting region
maps to the AB loop (11, 28). A CAR-interacting motif has
been localized in adenoviruses from all species, including
Ad37, but not in species B adenoviruses (11). Despite the
apparent presence of a CAR-interacting motif, Ad37 does not
attach to CAR-positive cells more efficiently than to their
CAR-negative equivalents (5).
Although CAR appears to be the major adenovirus receptor, other components such as major histocompatibility complex class I-␣2 (21), heparan sulfate (13, 14), and VCAM-1
(12) have been reported to serve as potential adenovirus receptors or coreceptors. Recently, it was found that Ad37 is able
to use ␣(2-3)-linked sialic acid as a functional first-step receptor on A549 cells (5). It was also found that Ad8 and Ad19a,
which has a fiber protein identical to that of Ad37, also use
sialic acid as a functional receptor, whereas the closely related
Ad9 and Ad19p and the distantly related Ad5 do not use sialic
acid as a major receptor (4, 5). Thus, the ability of Ad8, Ad19a,
and Ad37 to use sialic acid as a cellular receptor is unusual
among the human adenoviruses and may be closely linked to
their unique ability to cause EKC.
It was recently demonstrated that Ad37 interacts with a
subcategory of the HeLa cell line designated Chang C more
efficiently than does Ad19p and that this was due to one single

The human adenovirus group consists of 51 known serotypes
which can be divided into six species, designated A through F
(9, 16, 30, 36). Human adenoviruses are associated with gastrointestinal infections (species F primarily) and respiratory
infections (members of species B, C, and E) and are also
responsible for most cases of virus-caused ocular infections
(members of species B, D, and E) (33). A limited number of
species D adenoviruses (i.e., adenovirus type 8 [Ad8], Ad19,
and Ad37) are frequently isolated from patients suffering from
an ocular disease designated epidemic keratoconjunctivitis
(EKC). This is a relatively severe virus-caused eye infection
involving both the conjunctiva and the cornea (18, 19). Epidemiologically, Ad8 was the main causative agent of EKC until
1973, when Ad19a emerged (23). Outbreaks of Ad19-associated EKC have been reported (20). These infections were
caused by Ad19a, an emerging genome type distinct from the
Ad19 prototype virus (35). In contrast to Ad19a, the prototype
virus (Ad19p) has been isolated only once according to the
literature, in Saudi Arabia in 1955, and was not associated with
EKC (8). Ad37 emerged in 1976, and like Ad19a, it was also
found to cause EKC (17). Both Ad19a and Ad37 have been
associated with sexually transmitted genital disease (25, 31),
and even eye infections appear to be transmitted through direct contact (7).
Most, but not all, adenoviruses attach to host cells through
an interaction between the knob domain of the viral fiber
polypeptide and the cell surface coxsackie-adenovirus receptor
(CAR) (10, 27, 32). The length of the fiber is determined by
the specific number of repetitive motifs in the shaft, which
varies from 6 motifs (species B) to 22 motifs (species A, C, and
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Epidemic keratoconjunctivitis (EKC) is a severe eye infection caused mainly by adenovirus type 8 (Ad8),
Ad19, and Ad37. We have shown that the EKC-causing adenoviruses use sialic acid as a cellular receptor on
A549 cells instead of the coxsackie-adenovirus receptor, which is used by most adenoviruses. Recently, Wu et
al. (Virology 279:78-89, 2001) proposed that Ad37 uses a 50-kDa protein as a receptor on Chang C conjunctival
cells and that this interaction is independent of sialic acid. According to the American Type Culture Collection,
this cell line carries HeLa cell markers and should be considered to be a genital cell line. This prompted us
to investigate the function of sialic acid as a cellular receptor for Ad37 in Chang C cells. In this study, we
demonstrate that enzymatic removal or lectin-mediated blocking of cell surface sialic acid inhibits the binding
of Ad37 virions to Chang C cells, as does soluble, virion-interacting sialic acid-containing substances. The
binding was Ca2ⴙ or Mg2ⴙ ion independent and mediated by the knob domain of the trimeric viral fiber
polypeptide. Moreover, Ad37 virions infected Chang C cells and two other genital cell lines (HeLa and SiHa)
as well as a corneal cell line in a strictly sialic acid-dependent manner. From these results, we conclude that
Ad37 uses sialic acid as a major receptor in cell lines derived from both genital and corneal tissues.
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amino acid substitution in the fiber knob (22). Moreover, the
same authors proposed subsequently that the Chang C cells,
which were incorrectly referred to as conjunctival (http://www
.atcc.org), expressed a 50-kDa membrane protein which mediated sialic acid-independent binding and infection by Ad37
(37). Here, we demonstrate that Ad37 uses sialic acid as a
functional, first-step receptor on Chang C cells and on two
other genital cell lines (HeLa and SiHa), as well as on human
corneal epithelial (HCE) cells.
MATERIALS AND METHODS

TABLE 1. Inhibition of Ad37 attachment to Chang C cells by
monosaccharides and oligosaccharidesa
Mono- or oligosaccharide

Saccharide
ID50
(mM)

% Maximal inhibition
of Ad37 attachment
at 160 mM saccharide

Galactose
Lactose
Mannose
N-Acetylgalactosamine
N-Acetyllactosamine
N-Acetylmannosamine
NGNA
NANA
N-Acetylneuraminylacetyllactosamine
N-Acetylneuraminylfucosyllactose
N-Acetylneuraminyllactose

⬎160
⬎160
⬎160
⬎160
⬎160
⬎160
40
18
7
5
5

0
0
0
15
9
0
91
82
—b
—
95

a
Determined as described in Materials and Methods. Each value represents
the mean from three independent experiments.
b
—, not determined.

and incubated on ice for 1 h. The cells were washed twice in BB, pelleted,
resuspended in 100 l of BB, and mixed with 2 ml of scintillation fluid. Cellbound radioactivity was measured as described above.
Recombinant fiber knobs. Adenovirus DNA was extracted from HeLa cells
infected with Ad5, Ad8, Ad19p, or Ad37 as previously described (1). PCR
amplification and cloning of fiber knob constructs into pQE32 plasmids (Qiagen,
Hilden, Germany) have been described elsewhere (26). His-tagged fiber knobs
were expressed in soluble form and purified with Ni-nitrilotriacetic acid agarose
according to the instructions of the manufacturer (Qiagen).
Preparation of antisera. The preparation of rabbit antisera directed against
purified Ad5 and Ad37 virions has been described previously (34). Recombinant
Ad37 knobs were used for the production of rabbit polyclonal anti-knob antibodies (Agrisera AB, Vännäs, Sweden). The rabbits were immunized four times
intramuscularly and subcutaneously with 200 g of knob and Freund’s complete
adjuvant per rabbit or 100 g of knob and Freund’s incomplete adjuvant per
rabbit with intervals of 2, 3, and 6 weeks between immunizations.
Flow cytometry. Adherent Chang C cells were detached with PBS-EDTA [pH
7.4], washed twice, and resuspended in BB with or without 20 mU of neuraminidase per 5 ⫻ 105 cells. The cells were incubated at 37°C for 1 h, washed in BB,
and then incubated on ice with 5 g of recombinant fiber knobs diluted in 100 l
of BB. One hour later, the cells were washed in BB and incubated on ice, first
with mouse anti-His tag antibodies (Qiagen) diluted 1:1,000 in 100 l of BB, and
then, after washing, with fluorescein isothiocyanate (FITC)-labeled rabbit antimouse antibodies (Dakopatts, Glostrup, Denmark) diluted 1:100 in 100 l of BB.
After washing, 10,000 cells/sample were analyzed by a FACScan (Becton Dickinson, Franklin Lakes, N.J.) with the CellQuest software program (Becton Dickinson).

TABLE 2. Inhibition of Ad37 attachment to Chang C cells by
sialylated glycoproteinsa
Glycoprotein

Glycoprotein
ID50 (M)

% Maximal inhibition of
Ad37 attachment at 500
M glycoprotein

BSAb
Fetuin
Asialofetuin
Mucinc
Asialomucinc
Orosomucoid
Glycophorin A

⬎500
420
⬎500
8
⬎500
75
⬎500

0d
62
10
89
0
77
45

a
Determined as described in Materials and Methods. Each value represents
the mean from three independent experiments.
b
BSA, bovine serum albumin.
c
The molecular mass of mucins has not yet been accurately determined and
was estimated here to be 200 kDa.
d
Determined at 3 mM.
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Cells and viruses. Chang C, HeLa, and SiHa cells were grown as monolayers
in Dulbecco’s modified Eagle’s medium (Sigma Chemical Co., St. Louis, Mo.)
supplemented with 10% fetal calf serum (FCS), HEPES, and penicillin-streptomycin (all from Sigma). HCE cells were grown as monolayers in steroid hormone
epithelial medium as described previously (2). The correct identities of Ad5
(strain Adenoid 75), Ad8 (strain Trim), Ad19p (strain 587), and Ad37 (strain
1477) were ascertained by restriction enzyme analysis (1). Virions of corresponding strains were then 35S-labeled with Promix (Amersham Pharmacia Biotech,
Uppsala, Sweden) as described previously (15). The specific radioactivity levels
expressed as counts per minute per virion for Ad5, Ad8, Ad19p, and Ad37 were
2.4 ⫻ 10⫺5, 10⫺5, 1.3 ⫻ 10⫺5, and 10⫺5, respectively.
Virion binding assays. All cells were harvested with phosphate-buffered saline
(PBS)–EDTA only, and all binding and binding inhibition assays were carried
out in triplicate at 100 l/sample with 35S-labeled virions.
Effect of neuraminidase on the binding of adenoviruses to Chang C cells. Prior
to the addition of 100 l of neuraminidase, 2 ⫻ 105 Chang C cells were washed
in PBS containing 2% FCS. Neuraminidase from Vibrio cholerae (Sigma) was
diluted in PBS containing 2% FCS, added to cell pellets, mixed, and incubated
at 37°C. After 1 h, the cells were washed twice in binding buffer (BB; Dulbecco’s
modified Eagle’s medium containing 1% bovine serum albumin [BSA]). Ad8 or
Ad37 virions were added to the cells (105 virions/cell), mixed, and incubated on
ice for 1 h. Finally, the cells were washed twice in BB and resuspended in 100 l
of BB. Two milliliters of scintillation fluid was added, and cell-associated radioactivity was counted with a Wallac 1409 scintillation counter.
Inhibition of Ad37 binding to Chang C cells by rabbit polyclonal anti-fiber
knob serum. Chang C cells at a concentration of 2 ⫻ 105 cells/sample were
resuspended in BB with 35S-labeled Ad37 virions corresponding to 105 virions/
cell and with rabbit polyclonal anti-Ad37 knob serum or preimmune serum at
different dilutions. The mixture was incubated on ice for 1 h and washed twice in
BB. The cell-associated radioactivity was measured as described above.
Scatchard analysis. Chang C cells at a concentration of 1 ⫻ 105 cells/sample
were incubated with increasing amounts of 35S-labeled Ad37 virions in 100 l of
PBS containing 2% FCS at 4°C and under constant agitation. Unbound virions
were removed by washing. Nonspecific binding was determined by treating cell
samples with 20 mU of V. cholerae neuraminidase/sample. Radioactivity from
cell and wash fractions was measured separately as described above. Nonspecific
binding was subtracted from total binding prior to Scatchard analysis, which was
performed by the Prism program (Graphpad Software Inc., San Diego, Calif.).
Effect of lectins on the binding of Ad5 and Ad37 to Chang C cells. The lectins
from Triticum vulgaris (wheat germ agglutinin [WGA]; Sigma), Sambucus nigra
(Sambucus nigra agglutinin [SNA]; Sigma), or Maackia amurensis (Maackia amurensis agglutinin [MAA]; Sigma) at a concentration of 0.5 mg/ml each were
dissolved in BB and added to 2 ⫻ 105 prewashed Chang C cells. The cells were
incubated on ice for 1 h, and 105 Ad5 or Ad37 virions/cell were added. After
another hour on ice, the cells were washed, pelleted, and resuspended in 100 l
of BB. Scintillation fluid was added, and the cell-associated radioactivity was
counted as described above.
Effect of divalent cations during the binding of Ad37 to Chang C cells. Samples
of 2 ⫻ 105 Chang C cells each were incubated on ice with 105 virions/cell in 10
mM Tris-HCl (pH 7.4) containing 1% FCS only (control); with 10 mM EDTA;
or with 1, 2, or 4 mM CaCl2 or MgCl2. One hour later, the cells were washed
twice with Tris-HCl (pH 7.4) containing 1% FCS and the cell-associated radioactivity was measured as described above.
Effect of sialic acid or sialoconjugates on the binding of Ad37 to Chang C cells.
Sialylated and nonsialylated saccharides or glycoproteins (all purchased from
Sigma) were dissolved in 100 l of BB/sample and incubated at different concentrations with 2 ⫻ 1010 Ad37 virions on ice for 1 h (as indicated in Tables 1 and
2). Harvested Chang C cells were washed twice in BB. Pelleted cells at a
concentration of 2 ⫻ 105/sample were then resuspended with the virion mixture
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RESULTS
Ad8 and Ad37 virions use cell surface sialic acid for attachment to Chang C cells. In our first attempt to investigate the
ability of sialic acid to serve as an adenovirus receptor, we
treated Chang C cells with neuraminidase from V. cholerae.
Both Ad8 and Ad37 virions interacted efficiently with untreated Chang C cells as compared to Ad19p and Ad5 virions
(compare Fig. 1A and B). As much as 20% of the input Ad8
virions (105 virions/cell) remained attached to the cells after
incubation and subsequent washing steps, whereas the corresponding figure for Ad37 was 12.5%. Only 1% of the input
Ad19p virions attached to Chang C cells, whereas 2.5% of the
input Ad5 virions remained attached to the untreated cells.
The binding of Ad5 virions was not reduced as a result of
neuraminidase treatment. Instead, the level of attachment was
slightly enhanced. On the contrary, this treatment efficiently
inhibited the attachment of Ad37 as well as Ad8 virions to
Chang C cells.
Ad8 and Ad37 fiber knobs attach to Chang C cells through
sialic acid. Most adenoviruses attach to target cells via an
interaction between the knob domain of the viral fiber protein
and a cellular receptor. In agreement with this, we found that
rabbit antiserum raised against the fiber knob of Ad37 efficiently inhibited the attachment of Ad37 virions to Chang C
cells (Fig. 2). The attachment was unchanged when preimmune serum was used, indicating that the inhibitory effect of
serum was due to function-blocking anti-Ad37 knob antibodies. To investigate whether fiber knobs interact directly with
sialic acid on Chang C cells, we developed a flow cytometry
assay in which recombinant knobs from multiple adenovirus
types were used to measure attachment to Chang C cells. As
expected, fiber knobs from both Ad8 and Ad37 attached efficiently to Chang C cells whereas knobs from Ad5 and Ad19p
attached with lower efficiency. Moreover, attachment of Ad8
and Ad37 knobs was almost completely abolished upon pretreatment of Chang C cells with neuraminidase whereas attachment of Ad5 knobs was unchanged (Fig. 2).
Scatchard analysis of Ad37 virion binding to Chang C cells.
Adenovirus interactions with host cells are mediated by binding of the fiber protein to high-affinity receptors which have
been described to vary between 5,000 and 7,000 per cell, depending on the adenovirus types and cell lines investigated
(15). Ad37 fibers have been described to interact with Chang C

FIG. 1. Enzymatic removal of sialic acid from the surface of Chang
C cells inhibits attachment of Ad8 and Ad37 virions. Chang C cells (2
⫻ 105) in suspension were treated with or without neuraminidase and
incubated with 35S-labeled Ad8 or Ad37 virions (A) or Ad5 or Ad19p
virions (B) as described in Materials and Methods. The cell-associated
radioactivity was measured and plotted as the amount of virions bound
divided by the total number of virions added. The data represent the
means from three independent experiments.

cells through numerous (2.4 ⫻ 104/cell) high-affinity receptors
(dissociation constant [KD] ⫽ 3.5 nM). Here, we used Ad37
virions and determined the affinity and receptor number on the
same cells by Scatchard analysis (Fig. 3). Whereas the receptor
number was of the same order (2.9 ⫻ 104/cell), the affinity was
10-fold higher (0.35 nM) when using multivalent virions instead of monovalent fibers.
Preincubation of Chang C cells with sialic acid-blocking
lectins inhibits cellular attachment of Ad37. To investigate
whether sialic acid-interacting molecules could inhibit attachment of Ad37 to Chang C cells, we preincubated these cells
with different types of lectins. WGA interacts with terminal
sialic acid saccharides regardless of the type of glycosidic linkage between the sialic acid saccharide and the neighboring
saccharide. Here, WGA efficiently blocked the attachment of
Ad37 virions to Chang C cells (Fig. 4). The inhibitory effect
was apparently specific for Ad37, since the attachment of Ad5
virions to Chang C cells was not affected. Moreover, it was
previously shown that Ad37 interacts primarily with cell surface sialic acid saccharides linked to the neighboring saccharide by an ␣(2-3)-linked glycosidic bond rather than an ␣(2-
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Fluorescent focus assay. Adherent Chang C, HCE, HeLa, or SiHa cells at a
concentration of 2 ⫻ 105 cells/well in 24-well plates were incubated with or
without 20 mU of neuraminidase in PBS containing 1% FCS for 1 h at 37°C. The
cells were then chilled and washed twice with cold BB. Ad5 or Ad37 virions were
diluted in BB and added to the cells at concentrations corresponding to 5,000
fluorescent focus units (FFU) per cell type and sample. Hence, the virion dilutions were adjusted so that 100 FFU/viewing field were obtained in the control
(nontreated cells). The cells were then incubated on ice, permitting attachment
of virions but not internalization. After 1 h, unbound virions were removed by
washing with BB. The cells were then incubated at 37°C in BB, thus permitting
internalization of virions into cells. At 40 h postinfection, the cells were rinsed in
PBS, fixed with 99% methanol, and incubated at room temperature with rabbit
polyclonal anti-Ad5 or anti-Ad37 antibodies diluted 1:200 in PBS containing
0.05% Tween 20. One hour later, the cells were washed in PBS-Tween 20 and
stained for 1 h at room temperature with FITC-labeled swine anti-rabbit immunoglobulin G antibodies (Dakopatts) diluted 1:200. Finally, the cells were
washed as before and examined in an immunofluorescence microscope (Xiovert
25; magnification, ⫻10; Carl Zeiss, Jena, Germany).
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FIG. 2. Ad37 virions attach to the surface of Chang C cells through
an interaction between viral fiber knobs and cellular sialic acid.
(A) Ad37 virions were prevented from binding to Chang C cells with
polyclonal rabbit antiserum raised against the Ad37 fiber knob. 35Slabeled Ad37 virions were incubated with 10-fold dilutions of antiserum and then added to 2 ⫻ 105 Chang C cells/sample. Unbound
virions were removed by washing, and the cell-associated radioactivity
was measured. pre-im, preimmune serum; anti-knob, serum raised
against the Ad37 knob. (B) Neuraminidase-treated (neu) or mocktreated (CTRL) Chang C cells were incubated with 5 g of His-tagged
recombinant fiber knobs as indicated and subsequently detected with
mouse anti-His tag antibodies, followed by FITC-labeled rabbit antimouse antibodies. Cells (104/sample) were counted with a flow cytometer. All data represent the means from three independent experiments.

6)-linked glycosidic bond (5). By preincubating cells with
lectins specific for either ␣(2-3)-linked sialic acid (Maackia
amurensis lectin) or ␣(2-6)-linked sialic acid (Sambucus nigra
lectin), we were able to demonstrate that efficient attachment
of Ad37 virions to Chang C cells prefers cell surface sialic acid
linked to its neighboring saccharide via an ␣(2-3)-linked glycosidic bond rather than an ␣(2-6)-linked glycosidic bond.
Sialylated saccharides and glycoproteins inhibit Ad37 virions from binding to Chang C cells. To investigate whether
sialic acid-containing components could inhibit the attachment
of Ad37 to Chang C cells, we preincubated Ad37 virions with
different types of saccharides or glycoproteins before adding
virions to cells. Quite obviously, all non-sialic acid-containing
saccharides included here were unable to inhibit attachment of
Ad37 even at high concentrations (160 mM [Table 1]). The two

types of the sialic acid monosaccharides analyzed, N-glycolylneuraminic acid (NGNA) and N-acetylneuraminic acid
(NANA), inhibited 50% of Ad37 virion binding to Chang C
cells (ID50) at 40 mM (NGNA) or 18 mM (NANA), whereas
N-acetylneuraminylacetyllactosamine, N-acetylneuraminylfucosyllactose, and N-acetylneuraminyllactose inhibited 50% of
Ad37 attachment at 7, 5, and 5 mM, respectively. In a similar
assay, we investigated the effect of sialylated or desialylated
glycoproteins on Ad37 attachment to Chang C cells. All sialic
acid-deficient glycoproteins (albumin, asialofetuin, and asialomucin) were inefficient in inhibiting attachment of Ad37,
whereas the sialic acid-containing glycoproteins (fetuin, mucin,
and orosomucoid) efficiently inhibited attachment (Table 2).
In the case of mucin, the impact of sialic acid on the inhibition
of attachment was obvious since native mucin inhibited 50% of
Ad37 attachment at 8 M whereas desialylated mucin did not
affect attachment at 500 M. We also tested various gangliosides for their ability to inhibit binding. At 0.7 mM, two gangliosides, GM2 and GT1b, inhibited Ad37 binding to Chang C
cells at 27% and 24%, respectively (Table 3). Obviously, even
though gangliosides are subordinated glycoproteins as cellular
receptors for Ad37 (5), gangliosides with specific saccharide
structures may interfere with binding.
Divalent cations are not required for the attachment of
Ad37 virions to Chang C cells. In order to investigate the
involvement of divalent cations during the interaction between
Ad37 virions and Chang C cells, we included 10 mM EDTA in
the incubation buffer (Tris-HCl, pH 7.4) and allowed Ad37
virions to bind to Chang C cells. We did not see any effect of
EDTA on the binding of Ad37 either to Chang C cells or to
HCE cells (Fig. 5), which contradicts the findings of Wu et al.
(37), who proposed that Ca2⫹ ions but not Mg2⫹ ions were
required for efficient binding of Ad37 to Chang C cells. Furthermore, the addition of Ca2⫹ or Mg2⫹ to EDTA-treated
cells did not affect the binding of Ad37 at 4°C.
Cell surface sialic acid is required for Ad37 infection of

Downloaded from http://jvi.asm.org/ on October 21, 2019 by guest

FIG. 3. Scatchard analysis of Ad37 binding to Chang C cells. Increasing amounts of 35S-labeled Ad37 virions were incubated with
Chang C cells in suspension as described in Materials and Methods.
Ratios of bound (cell-associated) virion radioactivity to free virion
radioactivity (B/F) were plotted against the number of bound virions
per cell. The disassociation constant (KD ⫽ 0.35 nM) was derived from
the slope of the line. The number of receptor sites for Ad37 virions (2.9
⫻ 104) was derived from the value extrapolated to intercept the abscissa. The data shown were obtained from three separate experiments.
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TABLE 3. Effect of sialylated glycolipids on Ad37 attachment to
Chang C cells
% Maximal inhibitionc of
Ad37 attachment at 0.7
mM saccharide

Glycolipida

GM1 ........................................................................................ 10
GM1a ...................................................................................... 9
GM2 ........................................................................................ 27
GM3 ........................................................................................ 2
GD1a ....................................................................................... 0
GD3......................................................................................... 0
GT1b ....................................................................................... 24
b
(Neu5Ac)⫺
2 PE ...................................................................... 8
a

Monosialylated (M), disialylated (D), or trisialylated (T) gangliosides.
Disialylated phosphatidylethanolamine.
Determined as described in Materials and Methods. Each value represents
the mean from three independent experiments.
b

strated that the reference adenovirus (Ad5) infected neuraminidase-treated cells from the genital tract (Chang C, HeLa,
and SiHa) or the cornea (HCE) twice as efficiently as mocktreated cells. This has been reported before with A549 cells
and has been suggested to depend on a decrease in chargedependent repulsion between the cell surface and the acidic
Ad5 capsid (3). This effect was not achieved with Ad37. Instead, neuraminidase treatment of the same cell lines protected 90 to 99% of the cells from being infected by Ad37 (Fig.
6), which supports the results obtained from the binding experiments, showing that sialic acid can serve as a cellular receptor for Ad37 on epithelial cells of genital as well as corneal
origin.
DISCUSSION

FIG. 4. Sialic acid-interacting lectins inhibit attachment of adenoviruses to Chang C cells in a glycosidic bond-specific and serotypespecific manner. Chang C cells (2 ⫻ 105) were preincubated with
WGA, SNA, or MAA and then further incubated with one of the
following 35S-labeled virions: A and C, Ad37; B, Ad5. Unbound virions
were removed by washing, and the cell-associated radioactivity was
measured. All data represent the means from three independent experiments. CTRL, control.

Chang C, HeLa, SiHa, and HCE cells. Wu et al. reported that
the binding of the Ad37 fiber protein to cellular sialic acid is
not necessary for infection of Chang C cells (37). In order to
investigate the effect of neuraminidase treatment on Ad37
infection of Chang C cells, we used an infectivity assay that
visualizes adenovirus-infected cells as FFU. Here, we demon-

In this study, we have examined the role of sialic acid as a
cellular receptor for Ad37 on Chang C cells. Together with
Ad8 and Ad19a, Ad37 is responsible for the majority of EKC
cases worldwide. It was previously shown that Ad8, Ad19a, and
Ad37 use sialic acid as a functional receptor on A549 cells,
whereas the closely related Ad9 and Ad19p (both also of species D) do not (4). Consequently, there is a clear correlation
between the ability of these adenoviruses to use sialic acid as a
receptor and their tropism. The finding that sialic acid acts as
an adenovirus receptor is of importance in understanding the
life cycle and tropism of ocular adenoviruses. Furthermore, no
functional antiviral compounds are currently available against
the EKC-causing adenoviruses and this finding may contribute
to the development of such antiviral agents. Therefore, the
recent suggestion by Wu et al. (37) that sialic acid is not a
receptor for Ad37 on Chang C conjunctival cells, which, according to the American Type Culture Collection is a HeLa
marker-expressing cell line, prompted us to investigate the role
of sialic acid as a cellular receptor for Ad37 on epithelial cells
of both genital and ocular (corneal) origin.
Neuraminidase treatment of Chang C cells efficiently inhibited the attachment of both Ad8 and Ad37 virions. This interaction is most likely mediated by the fibers of Ad8 and Ad37,
since we found here that Ad8 and Ad37 knobs attached to
Chang C cells in a sialic acid-dependent fashion and with equal
efficiency. Since Ad37 and Ad19a have identical fibers (6), it is
likely that all three EKC-causing adenoviruses use sialic acid as
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a receptor on Chang C cells. Ad19p is slightly different from
Ad37 (and Ad19a) in the fiber and does not share a receptor
with Ad37 on Chang C cells (22). In agreement with this,
Ad19p and Ad5 attached to Chang C cells in a sialic acidindependent fashion. The KD describing the interaction between Ad37 fibers and Chang C cells has been calculated to be
3.5 nM (22). Here, we calculated the KD between Ad37 virions

and the same cells to be 0.35 nM. This affinity is stronger and
is probably due to binding by more than one fiber per virion.
On the other hand, the receptor numbers obtained with fibers
or virions were in the same order (2.9 ⫻ 104 versus 2.4 ⫻ 104,
respectively) and can be compared with the CAR-interacting
Ad5, which binds to only 5,000 receptors per A549 cell (15).
This would at least partially explain the relatively low binding
efficiency obtained with Ad5 virions or fiber knobs in this study.
In addition, it was shown by Gall et al. that Ad5 binds to host
cells at least 10-fold better at 37°C than at 4°C (18a). Our
binding experiments were performed at 4°C (in order to avoid
internalization), which may have also contributed to the relatively low binding by Ad5.
Lectins are proteins or glycoproteins of nonimmune origin
which interact with different carbohydrates. The precise physiological role of lectins in nature is still unknown, but they have
proven to be valuable in a wide variety of applications, including blocking of receptors for many microorganisms. Here, we
used lectins with specificity for terminal sialic acid linked to its
neighboring saccharide either through an ␣(2-3)- or an ␣(2-6)linked glycosidic bond (MAA and SNA, respectively). We
found that MAA but not SNA efficiently inhibited the binding
of Ad37 virions to Chang C cells, showing that the receptor
specificity for Ad37 is an ␣(2-3)-linked sialic acid on Chang C
cells. WGA has an affinity for both ␣(2-3)- and ␣(2-6)-linked
sialic acid. This lectin confirmed the serotype specificity for
sialic acid in that it efficiently blocked attachment of Ad37, but
not Ad5, to Chang C cells. Consequently, the ability of adenoviruses to interact with ␣(2-3)-linked sialic acid on Chang C
cells appears to be limited to Ad37 virions in this study.
To further elucidate the role of sialic acid as a receptor for
Ad37 on Chang C cells, we incubated Ad37 virions with sialoconjugates such as sialic acid monosaccharides, sialylated oligosaccharides, and glycoproteins and compared the inhibitory
effect of these components on Ad37 attachment with sialic
acid-free equivalents. All sialic acid-containing components
efficiently inhibited attachment, whereas nonsialylated components failed to do so. Thus, the ability of Ad37 to attach to
Chang C cells was inhibited by removing cell surface sialic acid
enzymatically, by blocking cell surface sialic acid with lectins,
or by preincubating Ad37 with different types of sialoconjugates, strongly indicating that sialic acid is the major attachment site for Ad37 on Chang C cells.
Recently, Wu et al. (37) proposed that Ad37 infects Chang
C cells via a sialic acid-independent pathway, involving a 50kDa protein. In our fluorescent focus assay, neuraminidase
treatment efficiently protected these cells, as well as two other
genital cell lines (HeLa and SiHa) and a corneal (HCE) cell
line, from being infected by Ad37. This clearly demonstrates
the role of sialic acid as a functional receptor for Ad37 on
genital cells as well as on corneal cells. Ad5 was not dependent
on sialic acid for infection of host cells. Instead, enzymatic
removal of sialic acid enhanced the number of infected Chang
C, HeLa, SiHa, and HCE cells twofold, thus corroborating the
studies using A549 cells (5). Arcasoy et al. (3) previously explained similar results as a consequence of the loss of chargedependent repulsions between the negatively charged Ad5
capsid and the negatively charged (sialylated) cell surface.
Adenovirus-associated EKC is clinically characterized by a
severe bilateral conjunctivitis with substantial corneal involve-
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FIG. 5. Ad37 virions do not require divalent cations for attachment
to Chang C or HCE cells. Chang C or HCE cells were incubated on ice
with 35S-labeled Ad37 virions in Tris-HCl (pH 7.4) containing 1% FCS
and 10 mM EDTA (A) or various concentrations of CaCl2 or MgCl2 (B
and C). Unbound virions were removed by washing, and cell-associated radioactivity was measured. The data represent the means from
three independent experiments. CTRL, control.

8839

FIG. 6. Neuraminidase treatment of genital (Chang C, HeLa,
SiHa) and corneal (HCE) cells protects from infection by Ad37
(A) but not by Ad5 (B). Adherent cells were preincubated with or
without neuraminidase and then with virion dilutions corresponding to
5,000 FFU/sample, permitting attachment to cells but not internalization. Thus, the virion dilutions were adjusted in order to obtain 100
FFU/viewing field in the control wells (nontreated cells). Then, unbound virions were removed by washing and incubated at 37°C, thus
permitting internalization of virions in cells. At 40 h postinfection, the
cells were rinsed, fixed, stained, and examined in an immunofluorescence microscope (C) as described in Materials and Methods. The
results are presented as the means from three independent experiments. CTRL, control.

Downloaded from http://jvi.asm.org/ on October 21, 2019 by guest

8840

VOL. 76, 2002

Ad37 USES SIALIC ACID AS A RECEPTOR ON CHANG C CELLS

ment. A superficial erosion of the cornea occasionally develops, which, together with infiltration of inflammatory cells, may
cause blurring of vision persisting for months or even years (18,
19). Since no licensed antiviral agent against this disease is
available, there is a need for such a drug. It has been previously
shown that the three adenoviruses responsible for the large
majority of EKC cases (Ad8, Ad19a, and Ad37) use the same
cellular receptor (i.e., sialic acid [4]). Consequently, sialic acid
may serve as a very attractive drug target. In contradiction to
the findings of Wu et al. (37), our study clearly shows that sialic
acid is the major receptor for Ad37 on Chang C cells as well as
on cells originating from the primary target organ for Ad37,
the cornea.
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