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The coxsackie B virus and adenovirus receptor (CAR) and the major histocompatibility complex (MHC)
class I a2 domain have been identified as high-affinity cell receptors for adenovirus type 5 (Ad5) fiber. In this
study we show that CAR but not MHC class I allele HLA-A*0201 binds to Ad5 with high affinity when expressed
on hamster cells. When both receptors are coexpressed on the cell surface of hamster cells, Ad5 fiber bind to
a single high-affinity receptor, which is CAR.

The first step in human adenovirus (Ad) infection consists of
virus-cell recognition and attachment, involving the viral fiber
protein and host cell surface receptor(s) (3, 4, 15). The exis-
tence of two classes of fiber recognition sites with high and low
affinities with respect to binding has been previously reported
(3). The coxsackie B virus and Ad receptor (CAR) and the
major histocompatibility complex (MHC) class I a2 domain
have been identified as putative cellular receptors involved in
Ad type 2 (Ad2) and Ad5 attachment (1, 6, 16). CAR is also a
receptor for subgroup A, C, D, E, and F Ad fibers but not for
subgroup B Ad fibers like those of serotype 3 (13, 13a). The
mouse homologue of human CAR also functions as a receptor
for coxsackie B viruses and Ads (2, 16).

The MHC class I a2 domain was characterized as a high-
affinity receptor for Ad5 fiber knob after reverse antibody
biopanning of a phage-displayed hexapeptide library identified
a peptide motif that showed homology with the a2 domain of
human MHC class I (6). This icosapeptide neutralized Ad5 in
HeLa cells and interacted with Ad fibers in a subgroup-specific
manner (6). In addition, Ad5 binding to B lymphoblastoid cells
(Daudi cells) was found to be dependent on cell surface ex-
pression of HLA class I molecules (6). Daudi cells that lack
surface expression of HLA class I molecules (Daudi HLA2

cells) (12) showed a weak capacity for Ad5 binding, in contrast
to b2-microglobulin-transfected Daudi cells (Daudi HLA1)
(12), which bound to Ad5 with high affinity (6). However, Ad5
fibers were shown to bind to HeLa cells, which express both
putative receptors (data not shown), and CAR-transfected
hamster cells, which express only CAR, with the same affinity
(1). This suggests that binding was to a common receptor.

In the present study we address the role of the a2 domain of
human MHC class I as a high-affinity receptor for Ad5 fiber by
permanently expressing in hamster cells human HLA-A*0201
molecules alone and in conjunction with CAR. The levels of
cell surface expression of CAR and HLA-A*0201 were deter-
mined by indirect flow cytometric analysis (fluorescence-acti-

vated cell sorting [FACS]) using the anti-CAR monoclonal
antibody (MAb) RmcB (1, 7) and the anti-MHC class I MAbs
W6/32, BB7.2, and PA2.1, respectively. MAb W6/32 is specific
for the HLA class I H chain associated with conformation-
stabilizing b2-microglobulin (12) (Dako, Glostrup, Denmark),
MAb BB7.2 recognizes the conformation-sensitive epitope on
HLA-A2 (10), and MAb PA2.1 recognizes the conformation-
sensitive epitope on HLA-A2 and HLA-A28 (9).

We tested whether HLA-A*0201 is a receptor for Ad5 fiber
by first exposing HLA-A*0201-transfected cells (CHO-HLA)
to Ad5Luc3, a replication-competent Ad vector, at different
multiplicities of infection (MOI) (Fig. 1a). Ad5Luc3, obtained
from P. Boulanger, is a replication-competent virus which con-
tains the luciferase gene under the control of the simian virus
40 early promoter inserted in the E3 region of the Ad5 ge-
nome. In a quantitative assay, using luciferase activity as the
end point assay, we found an 8- to 10-fold increase in luciferase
activity in HLA-A*0201-transfected cells compared to control
cells at an MOI of 10 or more (Fig. 1a). In order to determine
if the increased efficiency of Ad infection of CHO-HLA cells
was due to a specific interaction between Ad5 fiber and cell
surface receptors, we pretreated CHO-HLA and control cells
with recombinant Ad5 fiber knob (100 mg/ml) and/or Ad2
penton base (100 mg/ml) and then exposed the cells to
Ad5Luc3 at an MOI of 100 for 1 h at 4°C. Cells were then
washed and incubated at 37°C to allow internalization and one
cycle of virus replication (Fig. 2a and b). This assay measures
fiber attachment to functional cell surface receptors and dis-
sociates virus attachment from internalization, because at low
temperatures only virus-cell attachment occurs whereas endo-
cytosis requires physiological temperatures. We found that lu-
ciferase activity in control cells was predominantly inhibited by
Ad2 penton base (75% inhibition) but not by Ad5 fiber (20%
inhibition) (Fig. 2a). Pretreatment of control cells with Ad2
mutant penton base R340G, which is mutated in the Arg-Gly-
Asp (RGD) integrin binding motif (8), failed to inhibit
Ad5Luc3 infection of these cells (Fig. 2a). These results indi-
cate that Ad infection of control cells is predominantly medi-
ated by an interaction between the viral penton base protein
and its cell surface receptors. In contrast, when CHO-HLA
cells were preincubated with 100 mg/ml of Ad5 fiber, luciferase
expression was reduced by 50% (Fig. 2b). These observations
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indicate that the increased susceptibility of HLA-A*0201-
transfected hamster cells to Ad5 infection was due to an inter-
action between the Ad5 fiber protein and functional fiber re-
ceptors on CHO-HLA cells.

Ad5 fiber attachment to CHO-HLA cells was assessed fur-
ther by direct binding experiments. Prechilled cells were incu-
bated with increasing concentrations of 125I-labelled Ad5 fiber
knob in the presence (nonspecific binding) and absence (total
binding) of 100-fold excess of unlabelled fiber knob. Counts
per minute associated with total and nonspecific 125I-labelled
fiber knob binding to cells were determined. There was no
specific binding to control CHO cells (data not shown), which
is in agreement with previous findings (1). Although we ob-
served specific binding of 125I-labelled Ad5 fiber knob to CHO-
HLA cells, specific binding was at low levels (Fig. 3a). Scat-
chard analysis showed that 125I-labelled Ad5 fiber knob bound
HLA-A*0201 with a binding constant that was higher than
1026 M (Fig. 4c). This value is significantly higher than the
binding constant reported for Ad2 and HeLa cells (11, 14) or
KB cells (3) and for recombinant Ad5 fiber knob and HeLa
cells (5). Our findings therefore strongly suggest that HLA-
A*0201 expressed on hamster cells is not a high-affinity recep-
tor for Ad5 fiber. The a2 domain of HLA-A*0201 shows ab-
solute homology with the a2 domain of MHC class I consensus
sequence and with the a2 domain of HLA-A and HLA-B
molecules which are expressed on the surface of Daudi HLA1

cells (12). The fact that cell surface expression of HLA-A*0201

was confirmed by three different anti-MHC class I MAbs which
recognize conformational sensitive epitopes in HLA class I
indicates that HLA-A*0201 was correctly folded. Our findings
therefore strongly suggest that the peptide domain around and
including Try167 of the a2 domain of MHC class I molecules
does not bind to Ad5 fiber with high affinity.

We then tested Daudi HLA2 and Daudi HLA1 cells for
CAR expression by FACS using anti-CAR MAb RmcB (1, 7).
We found that CAR is expressed on the cell surface of both
Daudi HLA2 and Daudi HLA1 cells, at similar low levels
(data not shown). It is therefore possible that the increased
attachment and permissivity of Daudi HLA1 cells to Ad5 (6)
may not be due to a direct interaction between MHC class I
molecules and Ad5 fiber, but due to the increased accessibility
of CAR as a consequence of expression of HLA class I mole-
cules on the cell surface. We addressed this question by inves-
tigating Ad5 infection and Ad5 fiber knob attachment to ham-
ster cells expressing CAR alone (CHO-CAR) (1) and hamster
cells expressing both CAR and HLA-A*0201 (CHO-CAR-
HLA) on their cell surface.

The susceptibility of CHO-CAR and CHO-CAR-HLA cells
to Ad5 infection was assessed by exposing these cells to
Ad5Luc3 at increasing MOI (Fig. 1b). Luciferase expression
was 100-fold higher in CHO-CAR cells than in control cells at
an MOI higher than 10 (Fig. 1b), which is in agreement with
previous findings (1). There was no significant difference in
luciferase activity between CHO-CAR and CHO-CAR-HLA

FIG. 1. Ad-mediated gene delivery to control hamster cells (CHO cells) and HLA-A*0201-expressing CHO cells (CHO-HLA) (a) and CAR-expressing CHO cells
(CHO-CAR) and CAR- and HLA-A*0201-expressing CHO cells (CHO-CAR-MHC). (b). Cells were seeded at 105 cells/well in triplicate in 24-well plates and 24 h
later were incubated with various amounts of Ad5Luc3 (MOI 0.001 to 1,000) for 1 h at 4°C in serum-free Dulbecco’s modified Eagle’s medium. Cells were then washed,
and after 18 h at 37°C, a cell extract was measured by being mixed with a 100-ml aliquot of beetle luciferase, being transferred to a luminometer tube, and measuring
the light generated on a Turner TD-20e Luminometer for 60 s. Data are shown as means and standard errors of the means (error bars) (n 5 3). Note that the y axes
in the two panels differ. Below these panels, the CAR and MHC class I status of each cell line, as determined by flow cytometry, is described. CAR and MHC class
I levels are represented as median fluorescence units 6 standard deviations.
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FIG. 2. Effect of Ad5 fiber knob, Ad2 penton base, Ad2 mutant penton base R340G, and anti-CAR functional blocking antibody (Ab) on Ad-mediated gene transfer
to CHO (a), CHO-HLA (b), CHO-CAR (c), and CHO-CAR-HLA (d). Cells were seeded at 105 cells/well in triplicate in 24-well plates and were either left untreated
(control cells) or were pretreated with Ad5 fiber knob (100 mg/ml), Ad2 penton base (100 mg/ml), Ad2 mutant penton base R340G (8) (100 mg/ml), and anti-CAR
functional blocking antibody (1:200 dilution; gift of D. M. McDonald and G. E. Blair) for 10 min at 4°C prior to the addition of Ad5Luc3 for 1 h at 4°C. Luciferase
activity was measured as described in the legend to Fig. 1. Results were expressed as percentages of the control cells (i.e., no antibody 5 100%). Data are shown as
means 6 standard errors of the means (error bars) (n 5 3). CHO-CAR, CHO-CAR-HLA, and CHO cells were infected with Ad5Luc3 at a constant MOI (10 PFU/cell).
In the absence of competing proteins, luciferase gene expression in CHO cells infected with 10 PFU/cell of Ad5Luc3 was 1,333 relative light units (RLU), compared
to 380,000 RLU obtained with CHO-CAR cells and 360,000 RLU obtained with CHO-CAR-HLA cells infected with Ad5Luc3 at the same MOI. When infected with
Ad5Luc3 at 100 PFU/cell, luciferase activity was 36,980 RLU in CHO-HLA cells and 3,670 RLU in CHO cells.

FIG. 3. Binding of 125I-labelled Ad5 fiber knob to CHO-HLA (a), CHO-CAR (b), and CHO-CAR-HLA (c) cells. 125I labelling of purified Ad5 knob was performed
with iodination beads (Pierce) according to the manufacturer’s standard protocol. Cells seeded at 105 cells well in triplicate in 24-well plates were washed in serum-free
medium and chilled on ice for 2 h. Monolayers were incubated at 4°C for 1 h with increasing amounts of 125I-labelled Ad5 knob and a fixed excess of unlabelled Ad5
fiber knob (100-fold) in serum-free medium. The input ranged from 0 to 2.5 3 1027 cpm. The specific activity of Ad5 fiber knob was approximately 4,030 cpm/ng (2.1 3
1013 cpm/mol). The cell monolayers were washed three times with phosphate-buffered saline and after being removed from tissue culture dishes, samples were placed
into 5-ml aliquots of Ecoscint O (National Diagnostics) and read in a model 1900CA Tri-carb liquid scintillation analyzer (Packard) to determine b counts emitted per
minute. Note that the y axis in panel a differs from the y axes in panels b and c.
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cells (Fig. 1b), both of which were more susceptible to
Ad5Luc3 infection than CHO-HLA cells (Fig. 1a). The lucif-
erase signal was almost totally abolished (95% inhibition) by
preincubation of CHO-CAR and CHO-CAR-HLA cells with
the maximal inhibiting concentration of Ad5 fiber knob (100
mg/ml) (Fig. 2c and d), in contrast to control cells that showed
no significant inhibition (Fig. 2a) and CHO-HLA cells in which
luciferase activity was reduced by 50% (Fig. 2b). In order to
assess if Ad5 infection was through a specific interaction with
CAR, all transformed cells were preincubated with an anti-
CAR rabbit polyclonal blocking antibody at a concentration of
1:200 (gift of D. M. McDonald and G. E. Blair). We found that
in the presence of this antibody, luciferase activity was reduced
by 50% in CHO-CAR (Fig. 2c) and CHO-CAR-HLA cells
(Fig. 2d). In contrast, there was no reduction in luciferase
expression in control hamster cells and CHO-HLA cells (Fig.
2a and b). We also found a similar, dose-dependent increase in
specific binding of 125I-labelled Ad5 fiber knob to CHO-CAR
(Fig. 3b) and CHO-CAR-HLA cells (Fig. 3c), which was 20- to
50-fold higher than the specific binding to CHO-HLA cells
(Fig. 3a). Scatchard analyses showed that Ad5 fiber knob
bound to CHO-CAR and CHO-CAR-HLA cells with affinity
constants of 4.75 3 1029 and 6.25 3 1029 M, respectively (Fig.
4a and b). These values are similar to the binding constant
reported for Ad5 fiber knob and HeLa cells (5). Our observa-
tions therefore demonstrate that when both CAR and the
MHC-class I are coexpressed on the cell surface of hamster
cells, Ad5 fiber binds to a single high-affinity receptor, which is
CAR, and there is no functional cooperativity between the two
receptors.

Ad5Luc3 infection of Daudi HLA2 and Daudi HLA1 cells,
which express CAR at similar low levels, was inhibited (50%
inhibition) by the anti-CAR function blocking polyclonal anti-

body (gift of D. M. McDonald and G. E. Blair; data not
shown). This suggests that Ad5Luc3 infects Daudi cells, at least
in part, through an interaction with CAR. Why Ad5 binds to
and infects Daudi HLA1 cells with increased efficiency (6) is
therefore unclear. FACS analysis showed that Daudi HLA1

cells express more HLA class I but fewer CAR molecules on
their cell surface than CHO-CAR-HLA cells (data not shown).
This suggests that HLA class I-dependent Ad attachment and
permissivity may only be observed when there is little or no
surface expression of CAR. Alternatively, in human cells such
as Daudi HLA1 cells, MHC class I molecules may interact
with other cell surface cofactors, either to bind with high af-
finity to Ad5 fiber directly or to increase CAR accessibility.
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