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Subgroup D adenovirus (Ad) types 8, 19, and 37 (AdS8, -19, and -37, respectively) are causative agents of
epidemic keratoconjunctivitis and genital tract infections. Previous studies showed that Ad37 binds to a 50-kDa
membrane glycoprotein expressed on human ocular (conjunctival) cells. To identify and characterize the role
of the 50-kDa glycoprotein in Ad37 infection, we partially purified this molecule from solubilized Chang C
conjunctival cell membranes by using lentil lectin chromatography and preparative sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Liquid chromatography coupled to nano-electrospray ionization-tandem
mass spectrometry was subsequently used to identify four Ad37 receptor candidates: CD46, CD87, CD98, and
CD147. Immunodepletion analyses demonstrated that the 50-kDa protein is identical to CD46 (also known as
membrane cofactor protein). The Ad37, but not Ad5, fiber knob bound to the extracellular domain of CD46,
demonstrating a direct interaction of an Ad37 capsid protein with CD46. An antibody specific for the N-
terminal 19 amino acids of CD46 also blocked Ad37 infection of human cervical carcinoma and conjunctival
cells, indicating a requirement for CD46 in infection. Finally, expression of a 50-kDa isoform of human CD46
in a CD46-null cell line increased cell binding by wild-type Ad37 and gene delivery by an Ad vector pseudotyped
with the Ad37 fiber, but not by a vector bearing the AdS fiber. Together, these studies demonstrate that CD46
serves as an attachment receptor for Ad37 and shed further light on the cell entry pathway of subgroup D Ads.

Adenoviruses (Ads) can infect many different human or-
gans, including the upper respiratory system, the gastrointes-
tinal tract, and the eye (for a review, see reference 32). The 51
known serotypes of human Ads are classified into six sub-
groups (A to F), defined by oncogenicity, erythrocyte hemag-
glutination patterns, and DNA homology (32). While subgroup
B, C, D, and E Ads have been isolated from conjunctivitis
(viral pink eye) patients, only certain subgroup D Ad serotypes
(Ad8, Ad19, and Ad37) are associated with epidemic kerato-
conjunctivitis (EKC), a severe and highly contagious eye infec-
tion (17). EKC causes temporary blurred vision and irritation,
with symptoms lasting weeks to months (42). In addition, Ad37
and the highly homologous Ad19 cause genital tract infections,
such as cervicitis in women and urethritis in men, which are
often accompanied by conjunctivitis (2, 21, 49). Currently,
there are no effective treatments for these diseases. The re-
ceptor binding proteins (fibers) of Ad37 and Ad19a are iden-
tical (2, 40), suggesting that Ad37 and Ad19a tropism for the
eye and genital tract is mediated by the expression of a com-
mon receptor.

Fibers of Ads from most subgroups bind to the coxsackievi-
rus-Ad receptor (CAR) (8). Only subgroup B Ads (15, 19, 44,
46) and Ad37 (1, 52) have been definitively shown to use
different cell attachment receptors. The fiber protein consists
of three distinct domains: an N-terminal tail that attaches to
the capsid, a central shaft that varies in length and flexibility,
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and a C-terminal knob that attaches to the receptor (for a
review, see reference 13). The knobs of subgroup B Ads lack a
binding site for CAR (9), but subgroup D Ads, including Ad37,
have been shown to bind CAR immobilized on a solid support
(44, 52), although with low affinity (28). The ability of Ad37 to
bind CAR at the cell surface is further impaired by their
relatively short (47) and rigid (12, 53) shaft domains, which
prevent appropriate alignment with CAR on the cell plasma
membrane. Thus, Ad37 likely binds to a different receptor on
conjunctiva or the genital tract.

Ad37 has been reported to bind sialic acid carbohydrates
presented on an unspecified glycoprotein (1) and/or unidenti-
fied 50- and 60-kDa glycoproteins expressed on conjunctival
epithelial cells (52). On Chinese hamster ovary (CHO) cells,
Ad37 recognizes a(2—3)-linked sialic acid displayed on a sur-
face glycoprotein (1). A virus blot overlay protein blot assay
(VOPBA) demonstrated calcium-dependent Ad37 binding to
50- and 60-kDa membrane glycoproteins expressed on permis-
sive Chang C cells, a human conjunctival cell line (52). Al-
though both glycoproteins are highly expressed on permissive
Chang C cells, only the 60-kDa protein is expressed in less
permissive A549 lung epithelial cells. Since the expression of
the 50-kDa protein correlated with a substantial increase in
Ad37 infection, we reasoned that this protein serves as the
primary receptor for this virus type (52). In this study, we used
a combination of biochemical techniques, immunological as-
says, and molecular biological approaches to identify the 50-
kDa receptor and confirm its role in Ad37 infection. These
studies increase our knowledge of virus tropism and lay the
foundation for further studies to define the host cell factors
that influence Ad infection of specific organ systems.
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MATERIALS AND METHODS

Cells and wild-type viruses. Human Chang C conjunctival cells, A549 lung
epithelial cells, and HeLa cervical carcinoma cells were obtained from the Amer-
ican Type Culture Collection (ATCC; Rockville, Md.). Cells were maintained in
complete Dulbecco’s modified Eagle’s Medium (DMEM; Invitrogen, Carlsbad,
Calif.) with 10% fetal bovine serum (FBS). CHO cells that were stably trans-
fected with an expression plasmid containing the C2 isoform of CD46 (CHO-C2
cells) (39) were maintained in complete DMEM-F-12 medium (Invitrogen) with
10% FBS and 0.5-mg/ml G418 sulfate (Invitrogen). CHO cells expressing human
decay-accelerating factor (CHO-DAF) (33) were maintained in Ham’s F-12
medium with 10% FBS. Wild-type Ad37 virus (ATCC) was propagated in A549
cells and purified by banding on cesium chloride (CsCl) gradients. Briefly, A549
cells were infected at 75 to 80% confluency with Ad37. Virions were purified 2
to 3 days postinfection by ultracentrifugation on 16 to 40% CsCl gradients and
dialyzed into a mixture of 10 mM Tris (pH 8.1), 150 mM sodium chloride, and
10% glycerol. The viral protein concentration was determined by Bradford pro-
tein assay (Bio-Rad, Richmond, Calif.) and used to calculate the viral particle
concentration (1 pg = 4 X 10° Ad2 virions).

Receptor purification and identification. The details of the Ad37 receptor
purification and identification by mass spectrometry (MS) are described else-
where (S. A. Trauger, E. Wu, S. B. Bark, G. Nemerow, and G. Siuzdak, submit-
ted for publication). Briefly, approximately 5 X 10® Chang conjunctival cells were
grown in a Cell Factory (Nunc, Roskilde, Denmark). The cells were washed twice
with phosphate-buffered saline (PBS [pH 7.4]) and detached with 5 mM EDTA
in PBS for 5 to 10 min. Detached cells were lysed by Dounce homogenization and
fractionated by low- and high-speed centrifugation (52). The membrane proteins
from the membrane (high-speed pellet) fraction were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in the presence
and absence of 0.2 M B-mercaptoethanol and analyzed by VOPBA as previously
described (52).

Membrane proteins, solubilized by the addition of CHAPS {3-[(3-cholamido-
propyl)-dimethylammonio]-1-propanesulfonate }to 0.5%, were mixed with ~600
wl of washed, settled Sepharose beads cross-linked to lectin from Lens culinaris
(lentil lectin Sepharose; Sigma, St. Louis, Mo.) and rocked for 1 h at 4°C. The
entire volume was transferred into a disposable column (Bio-Rad) and drained.
The lentil lectin Sepharose was washed with 8 ml of 20 mM Tris-HCI (pH 8.1),
0.5 M NaCl, 0.5% CHAPS (wash buffer). Bound proteins were eluted with 1.5 ml
of 0.2 M a-methylmannoside, 1 mM EDTA, 16 mM Tris-HCI (pH 8.1), 0.4%
CHAPS, and 0.4 M NaCl. All remaining bound proteins were eluted with 1.5 ml
of 40 mM Tris-HCI (pH 8.1), 1% SDS, 10% glycerol, and trace bromophenol
blue (1X SDS buffer). The virus-binding proteins present in each fraction were
detected by an Ad37 VOPBA as previously described (52).

Proteins eluted with SDS buffer were concentrated and then subjected to
preparative SDS-gel electrophoresis in an 8% Tris-glycine polyacrylamide gel
(Invitrogen) without boiling or addition of reducing agents. The gel was stained
with Simply Blue (Invitrogen), and a diffuse band from 48 to 50 kDa was excised.
The proteins in the gel slice were deglycosylated with PNGase-F, digested with
trypsin, reduced, and alkylated, and the resultant peptides were extracted with
organic solvent. This complex mixture was analyzed by reverse-phase high-per-
formance liquid chromatography coupled to nano-electrospray tandem MS
(nanoLC-MS/MS). Masses of peptides and their fragment ions were compared to
predicted masses obtained from proteins in the National Center for Biotechnol-
ogy Information mammalian protein database to identify the proteins present in
the gel slice.

Immunodepletion analysis. Two hundred microliters of soluble membrane
proteins diluted with wash buffer was mixed with 20 pl of 0.5-mg/ml monoclonal
antibody against CD46, CD87, CD98, or CD147 (BD Pharmingen, San Diego,
Calif.) and rocked at 4°C for 2 h. Fifty microliters of protein A/G agarose (Pierce,
Rockford, I1l.) was added to the mixtures, which were then rocked for another
2 h at 4°C. The agarose beads were gently pelleted, and the immunodepleted
supernatant was removed and analyzed as described below. The beads were
washed with 200 pl of wash buffer three times. Finally, 25 pl of 4X SDS buffer
was added to the agarose bead pellets, and the beads were heated to 95°C for 5
min to elute the immunoprecipitated proteins.

Twenty microliters of each immunodepletion supernatant or 10 wl of the
immunoprecipitation was separated by electrophoresis in an 8 to 16% Tris—
glycine polyacrylamide gradient gel (Invitrogen). The proteins were then trans-
ferred to a polyvinylidene difluoride membrane (Millipore, Billerica, Mass.). The
membrane was blocked with 5% milk in a mixture of 10 mM Tris-HCI (pH 8.1),
150 mM NaCl, and 0.02% Tween 20 overnight at 4°C. Receptors were detected
by an Ad37 VOPBA as previously described (52).
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sCD46 and Ad fiber knob construction. The Ad37 fiber knob domain contain-
ing a T7 tag was expressed in bacteria and purified on a T7 tag affinity column as
previously described (52). The Ad5 fiber knob containing a hexahistidine tag was
expressed in bacteria in a similar fashion as previously described (54) and puri-
fied by Ni-agarose affinity chromatography (Qiagen) as described by the manu-
facturer’s instructions. The extracellular domain of the C isoform of CD46 was
amplified by a PCR from a mammalian expression plasmid coding for the C2
isoform of CD46 (39) by using Expand DNA polymerase (Roche) and 250 pM
5" primer SCRIf (5'-GCTAGCTTGTGAGGAGCCACCAACATTTGA-3")
and 3’ primer EXTr (5'-GCGGCCGCATCCAAACTGTCAAGTATTCCT-3").
The PCR product was gel purified and cloned into pCR2.1-TOPO (Invitrogen)
according to the manufacturer’s instructions. Plasmid DNA was amplified from
the culture of a colony of transformed cells and purified by using a Qiagen
plasmid Miniprep kit according to instructions. Purified plasmid and mammalian
expression plasmid pCEP-Pu-CHis (29) (kindly provided by O. Pertz, The
Scripps Research Institute, La Jolla, Calif.) were digested with 5 U of Nhel and
NotI (New England Biolabs, Beverly, Mass.) restriction enzymes. Digested vec-
tor and insert were gel purified and ligated with T4 DNA Ligase (Invitrogen),
and the resultant plasmid was then transformed into TOP10 cells (Invitrogen),
amplified, and purified with the Qiagen plasmid Maxiprep. 293EBNA cells were
transfected with the plasmid by using the calcium phosphate transfection kit
(Invitrogen/Gibco). Secreted soluble CD46-C (sCD46) was purified from the
culture media 3 to 4 days posttransfection by Ni-agarose affinity chromatography.
Purified sCD46 was dialyzed against PBS and analyzed by SDS-PAGE and
Western blotting.

Ad37 knob ELISA for binding. Wells of a 96-well enzyme-linked immunosor-
bent assay (ELISA) plate (Immulon 4 HBX; Dynex Technologies, Chantilly, Va.)
were coated overnight with 1 g of bovine serum albumin (BSA), purified Ad37
knob (52), or purified Ad5 knob. Wells were briefly blocked with Superblock in
PBS (Pierce) and incubated with various amounts of sCD46 in BLOTTO in PBS
(Pierce) containing 1 mM calcium chloride for 1.5 h at room temperature.
Knob-coated wells were washed with PBS-CaCl,, incubated with CD46 rabbit
polyclonal antibody (Santa Cruz Biotechnology), washed, incubated with horse-
radish peroxidase-conjugated goat anti-rabbit antibody, and washed again. The
ELISA was developed with ABTS [2,2’-azinobis(3-ethylbenzthiazolinesulfonic
acid)] substrates and analyzed by measuring A,s.

Ad37 pseudotyping of an Ad5S vector by replacement of the fiber gene. To
generate an Ad37 pseudotype with a low ratio of particles per infectious unit, the
AdS fiber was removed from the AdS vector genome and replaced with the Ad37
fiber (Ad5.GFP.37f). First, a derivative of pAdEasy (22) with a chimeric Ad5/
Ad37 fiber was generated. The plasmid pDV153 (D.Von Seggern, unpublished
observations) contains the rightmost part of an E3-deleted Ad5 genome and has
a unique Mfel site immediately downstream of the fiber stop codon. The 3’
fragment (encoding the shaft and knob domains) of the fiber gene was removed
by digestion of pDV153 with Sphl and Mfel. The corresponding portion of the
Ad37 fiber was amplified from viral genomic DNA by using the PCR primers
5'-TACCAATGGCATGCTATCCCTCAAGG-3' and 5'-AAACACGGCAATT
GGTCTTTCATTC-3' and inserted into Mfel/SphI-digested pDV153. (The Sphl
and Mfel sites are underlined.) The resulting plasmid (pDV154) contains a
fusion protein consisting of 59 amino acids of the Ad5 fiber (the tail domain) and
306 amino acids (the shaft and knob domains) of the Ad37 fiber protein. The
Spel/Pacl fragment of pDV154, containing the rightmost 6.2 kb of the Ad5
genome with the modified fiber, was then used to replace the corresponding
fragment of pAdEasyl, creating pDV158. Recombination of pDV158 with
pAdTrack in Escherichia coli, as described previously (22), generated a plasmid
with a full-length Ad5 genome containing the chimeric fiber protein and a
cytomegalovirus (CMV)-driven enhanced green fluorescent protein (eGFP) re-
porter gene cassette. This plasmid was transfected into 293 cells for virus pro-
duction.

Infection assay. Human Chang C cells were detached with 5 mM EDTA in
DMEM-FBS and split into aliquots of 40,000 cells per well in a 24-well plate.
After culture at 37°C, cells were washed twice with sterile PBS to remove serum,
and 125 pl of 2X medium 199 (Invitrogen) and 25 pl of 1 M HEPES (pH 7) were
added to each well. Polyclonal antibodies raised against N-terminal peptides of
CD46 and CD55 (Santa Cruz Biotechnology) were first dialyzed against PBS.
Various amounts of antibodies were diluted to 80 pl in sterile PBS and added to
cells for 1 h at room temperature with gentle rocking. Twenty microliters of 2.0
% 10° particles of Ad5.GFP.37f per ul was added to each well, and the wells were
rocked at room temperature for 2 h. Virus was removed, and cells were cultured
overnight in DMEM-FBS. HeLa cells were also preincubated with antibody or 1
mU of neuraminidase from Vibrio cholerae (Sigma) for 30 min at 37°C to increase
enzyme activity. A total of 40,000 CHO-DAF and CHO-C2 cells were infected
with 1,000 Ad5.GFP or Ad5.GFP.37f particles per cell for 1 h at 37°C in 250 pl
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of 1:1 complete F-12 medium-PBS mixture with or without 25 pg of anti-CD46
antibody. The CHO cells were washed twice with complete F-12 medium and
cultured overnight. The next day, human or CHO cells were detached with
trypsin or 5 mM EDTA in complete medium and analyzed for GFP by flow
cytometry (FACScan flow cytometer; Becton Dickinson, Franklin Lakes, N.J.).

Cell binding assay. To quantitate Ad binding, CHO-DAF and CHO-C2 cells
were detached with 5 mM EDTA and washed twice with serum-free F-12 me-
dium (SFF) to remove trace EDTA. A total of 2.5 X 10° cells were distributed
to microcentrifuge tubes and pelleted by centrifugation. Some pellets were re-
suspended in 100 pl of SFF with 10 mU of neuraminidase (from V. cholerae;
Roche). These cells were incubated at 37°C for 1 h and washed twice with SFF.
A total of 10” wild-type Ad37 virions (4,000 particles per cell) were added to all
samples in 100 wl of PBS in the presence or absence of 5 mM EDTA. Cells were
rocked at 4°C for 1 h with virus. Cells were pelleted, washed twice with 200 .l of
serum-free DMEM, and then resuspended in 200 wl of PBS. Total DNA (viral
and genomic) was purified with the QiaAmp DNA Mini kit (Qiagen, Valencia,
Calif.) according to the manufacturer’s instructions.

Ten microliters of purified total DNA was mixed with 25 I of TagMan PCR
master mix, rodent glyceraldehyde-3-phosphate dehydrogenase (GAPDH) con-
trol reagents, 1.5 pl of 10 mM AQI1-D (5'-GCCACCGTGGGGTTCCTAAAC
TT-3") and AQ2-D (5'-GCCGCAGTGGTCTTACATGCACATC-3") primers
(0.3 mM final), and 0.1 pl of 100 mM Adenoprobe (5'-6FAM-TGCACCAGA
CCCGGGCTCAGGTACTCCGA-TAMRA-3'; primers and reagents from Ap-
plied Biosystems, Foster City, Calif.). This mixture was then diluted to a final
volume of 50 wl. These primers and Adenoprobe were designed to recognize the
hexon gene of subgroup D Ads (23). Rodent GAPDH control reagents were
designed to amplify a segment of the host cell genomic GAPDH gene. After
initial denaturation and activation of the AmpliTaq Gold DNA polymerase by
heating to 50°C for 2 min and then 95°C for 10 min, the amplicons were amplified
with 40 cycles of 15 s at 95°C followed by 1 min at 60°C. Fluorescence of reporter
dyes FAM and VIC was measured during each cycle in an ABI Prism 7900
sequence detection system (Applied Biosystems). Known amounts of wild-type
Ad37 and purified cellular DNA were used as standards to determine the num-
ber of copies of Ad genomes and cell number in each sample.

Flow cytometry. CHO-DAF and CHO-C2 cells were detached by 5 mM EDTA
in complete F-12 medium. Cells were incubated with medium (control) or a
1:200 dilution of mouse monoclonal antibodies against CD46 or DAF/CD55 (BD
Pharmingen) for 1 h on ice, washed with medium, incubated with a 1:500 dilution
of Alexa 488-conjugated antimouse antibody for 30 min on ice, and washed
again. Cells were resuspended in PBS and analyzed for green fluorescence in a
FACScan flow cytometer.

Statistical analyses. The effects of antibody treatment and concentration on
infection of Chang C cells were separately analyzed by a two-way analysis of
variance (ANOVA). sCD46 binding to BSA and Ad5 and Ad37 knobs was
compared by general linear model repeated-measure analyses of all three data
sets and each pair of data sets. The effects of treatments on Ad37 binding to
CHO-C2 cells were analyzed by an ANOVA and separate ¢ tests. Statistical
analyses were performed by using SPSS 11.0 software (Chicago, IIL.).

RESULTS

Purification and identification of an Ad37 receptor. Chang
C conjunctival cells, which express ~24,000 Ad37 binding sites
per cell (24), were chosen as the source of the 50- and 60-kDa
receptors. Approximately 10° Chang cells, carrying 2.4 X 10*3
molecules (or 40 pmol) of receptor, were gently lysed by
Dounce homogenization and fractionated by low- and high-
speed centrifugation. The high-speed pellet was resuspended
and then analyzed for the presence of virus binding proteins by
using the VOPBA (Fig. 1A). As described previously, binding
of Ad37 to the 50- and 60-kDa proteins was sensitive to che-
lation of calcium by EDTA (52). In addition, all three mem-
brane proteins failed to bind Ad37 when treated with a reduc-
ing agent, suggesting the importance of inter- or intrachain
disulfide bonds in receptor structure or function.

The diffuse pattern of the 50- and 60-kDa proteins suggested
that these candidate receptors were glycosylated. Thus, we next
purified the putative receptors further by using lentil lectin
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FIG. 1. Identification of the Ad37 receptor. (A) Membrane pro-
teins from Chang C cells were probed on an Ad37-specific VOPBA in
the presence (lanes 1 and 3) and absence (lanes 2 and 4) of 2 mM
EDTA as described in Materials and Methods. Proteins in lanes 3 and
4 were reduced with B-mercaptoethanol prior to SDS-PAGE, while pro-
teins in lanes 1 and 2 were not. The 45-, 50-, and 60-kDa proteins that
bind Ad37 are indicated by arrows. (B) Soluble Chang membrane pro-
teins (lane 1); proteins immunodepleted with antibodies directed against
CD46, CD87, CD98, or CD147 (lanes 2 to 5, respectively); or proteins
recovered in the immunoprecipitate (CD46, lane 6; CD87, lane 7;
CD98, lane 8; CD147, lane 9) were probed with the Ad37 VOPBA. (C)
The domain structure of CD46 is presented schematically. Horizontal
lines in each SCR domain represent pairs of conserved disulfide bonds
in the CD46 structure. Hexagonal chains represent locations of glyco-
sylation. Four major isoforms (BC1, BC2, C1, and C2) are generated
by alternative splicing of coding regions for serine/threonine/proline
(STP)-rich domains (squares) and two possible cytoplasmic tails.

chromatography from detergent-solubilized Chang membrane
proteins. This procedure separated these target molecules
from >99% of the remaining membrane protein mass. The
receptor fraction was concentrated and further separated by
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TABLE 1. Peptides identified by nanoLC-MS/MS analysis
of the 50-kDa gel fragment

No. of Sequence
peptides coverage
observed (%)

Putative
receptor

Sequences of peptides
identified

CD46 7 27 CEEPPTFEAMELIGK
NHTWLPVSDDACYR
GSVAIWSGKPPICEK
VLCTPPPK
GFYLDGSDTIVCDSNSTWDPPVPK
GTYLTDETHR®
ADGGAEYATYQTK"
CD87 5 22 ITSLTEVVCGLDLCNQGNSGR
SGCNHPDLDVQYR
GPMNQCLVATGTHEPK
LWEEGEELELVEK
VEECALGQDLCR
CD98 5 8 APAAEKEEAR
SADGSAPAGEGEGV TLOR
AAPAAEEKEEAR
ALAAPAAEEKEEAR
VQDAFAAAK
CD147 7 36 AAGTVFTTVEDLGSK
GGVVLKEDALPGQK
FFVSSSQGR
KPEDVLDDDDAGSAPLK
RKPEDVLDDDDAGSAPLK
SELHIENLNMEADPGQYR
PPVTDWAWYK

“ From two cytoplasmic tails of CD46.

semi-native SDS-PAGE. Based on the fact that Ad37, but not
Ad19p, recognizes the 50-kDa protein on Chang C cells, but
not on less-susceptible A549 cells (52), the region of the gel
corresponding to molecular masses of 48 to 50 kDa was excised
and subjected to deglycosylation, reduction, and alkylation to
improve peptide identification during MS analyses. Proteins
were digested by trypsin, and subsequent analysis by reverse-
phase liquid chromatography coupled to nanoLC-MS/MS
matched peptides to over 50 known proteins, including endo-
plasmic reticulum and mitochondrial membrane proteins, ac-
tin, and keratins. However, only four plasma membrane pro-
teins (CD46, CD87, CD98, and CD147) were detected (Table
1). These analyses are described in further detail elsewhere
(S. A. Trauger et al., submitted for publication).

Immunodepletion analyses of candidate receptors. To de-
termine if any of the four membrane proteins corresponded
to the 50-kDa protein, antibodies specific for CD46, CD87,
CD98, and CD147 were used to immunodeplete the 50-kDa
protein in the Ad37 VOPBA (Fig. 1B). Antibodies against
CD87, CD9S, and CD147 failed to immunodeplete the 50- or
60-kDa virus-binding proteins (compare lanes 3, 4, and 5 with
lane 1). In contrast, both the 50- and 60-kDa proteins were
immunodepleted by the anti-CD46 antibody (lane 2). More-
over, the 50- and 60-kDa virus-binding molecules were present
in the anti-CD46 immunoprecipitate (lane 6). The Ad37-bind-
ing 45-kDa protein (Fig. 1A), which served as an internal
control, was identified as CAR by using a similar immu-
nodepletion assay (data not shown). These data indicate that,
of the four plasma membrane proteins identified by MS anal-
ysis, only CD46 directly interacts with Ad37.
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CD46, also known as membrane cofactor protein (MCP), is
an important regulator of complement activity (for a review,
see reference 31). It protects host cells from destruction by the
complement system by serving as a cofactor for the enzymatic
degradation of C3b and C4b by serum factor I. CD46 also plays
an important role in reproduction. The protein consists of a
membrane signal peptide; four short consensus repeat (SCR)
domains; one (C) or two (BC) regions that are rich in serine,
threonine, and proline (STP-B and -C domains); a short se-
quence of unknown function; a transmembrane domain; and
one of two cytoplasmic C-terminal tails. Four main isoforms
(BC1, BC2, C1, and C2) are generated by alternative splicing
(Fig. 1C). SDS-PAGE of CD46 (data not shown; (4) showed
that the C and BC isoforms migrate to the same molecular
masses as the candidate 50- and 60-kDa receptors for Ad37
(52).

Recombinant Ad37 fiber knob binds the extracellular do-
main of CD46. Attachment to cells by most Ads is mediated by
the fiber protein (13, 38). Moreover, the cell receptor binding
sites of several Ad serotypes have been located in the fiber
knob domain (9, 18, 43, 44, 48). To investigate whether the
Ad37 fiber knob is capable of direct binding to CD46, we
produced soluble, recombinant CD46 (sCD46) containing the
complete extracellular domain of the C isoform (Fig. 2A and
B). The purified receptor was analyzed for direct binding to an
Ad37 knob in an ELISA (Fig. 2C). Soluble CD46 was capable
of binding to the Ad37 fiber knob (P > 0.05) but failed to
recognize the AdS fiber knob (P = 0.30), as determined by
comparison to nonspecific binding with BSA. These experi-
ments confirm that Ad37 specifically associates with the extra-
cellular domain of CD46.

Antibody to CD46 blocks Ad37 infection of Chang conjunc-
tival and HeLa cervical carcinoma cells. To investigate wheth-
er CD46 is actually required for Ad37 infection of host cells,
we analyzed virus infection in the presence of a CD46-specific
antibody. Preincubation of Chang cells with a monospecific
antibody directed against the N-terminal 19 amino acids of
CD46 blocked Ad37 infection (Fig. 3A; P < 0.001) in a con-
centration-dependent manner (two-way ANOVA, P < 0.001).
A control antibody specific for the N terminus of CD55 (DAF),
another member of the complement control protein family
(31), had no effect. Infection of HeLa cervical carcinoma cells,
which also express the 50-kDa isoform of CD46 (39), was also
inhibited by the anti-CD46 antibody (Fig. 3B). Although Arn-
berg et al. (3) previously reported that Ad37 uses sialic acid as
a receptor on HeLa cells, we failed to detect an effect on Ad37
infection by treatment of these CD46-expressing cells with
neuraminidase (Fig. 3B).

Expression of CD46 in CHO cells promotes Ad37 infection
and cell binding. To further explore the function of CD46, we
assessed infection of CHO cells expressing human DAF/CDS55
(CHO-DAF; Fig. 4A) or the C2 isoform (50 kDa) of CD46
(CHO-C2; Fig. 4B) by an Ad vector pseudotyped with the
Ad37 fiber. The extracellular domains of CD46 and CDS55/
DAF each contain four SCR domains and an STP-rich region.
Expression of CD46 resulted in a four- to fivefold enhance-
ment of Ad37 fiber-mediated gene delivery over expression of
DAF/CD55 (Fig. 4C). The relatively low level of Ad infection
of CHO-DAF cells conferred by the Ad37 fiber was similar to
the level observed with receptor-null CHO cells (data not
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FIG. 2. Purification and analysis of sCD46 binding to Ad fiber
knobs. The extracellular domain of the C isoform of CD46 with a
C-terminal hexahistidine tag was purified from 293EBNA cell culture
medium by Ni-agarose affinity chromatography. Culture medium (lane
1), column flowthrough (lane 2), wash fraction (lane 3), and elution
fractions 1 to 5 (lanes 4 to 8, respectively) were analyzed by SDS-
PAGE (A) and anti-CD46 Western blotting (B). Binding of purified
sCD46 to immoblized BSA or Ad37 or AdS fiber knobs in an ELISA
(C). Data represent the averages and standard deviations of quadru-
plicate determinations.

shown) and consistent with previous reports (1). In contrast to
Ad37, CD46 expression did not improve AdS-mediated gene
delivery. Antibody directed against CD46 also abolished Ad37
infection of CD46-expressing cells, confirming the requirement
for this receptor in Ad37 infection. These data indicate that
CD46 specifically promotes Ad infection via the Ad37 fiber,
but not the Ad5 fiber.

Ads use separate receptors for attachment (8) and internal-
ization (51). Cell binding is primarily mediated by the fiber
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protein, while internalization is enhanced by the interaction
between the Ad penton and «, integrins for Ad serotypes in
subgroups A to E (35, 51). Monoclonal antibodies against o83
and o,B5 also blocked pseudotyped Ad37 infection (12), sug-
gesting that the interaction between the Ad37 fiber and its
receptor mediates virus attachment, not internalization. To
determine if CD46 serves as an attachment receptor, we mea-
sured Ad37 binding to receptor-null CHO-DAF and receptor-
expressing CHO-C2 cells. The expression of CD46 increased
Ad37 binding to CHO cells approximately fivefold in compar-
ison to CHO-DAF cells (Fig. 4D). The increased binding corre-
lates well with the four- to fivefold increase in gene delivery due
to CD46 expression (Fig. 4C), indicating that the susceptibility

A

—&— Anti-CD46 Ab
—-&— Anti-CD55 Ab

Percent cells infected

0 4 16 64
[Antibody] (ng/ml)

B

20 4

Percent cells infected

Control

100 pg/ml CD46 10 mU
Ab Neuraminidase

FIG. 3. Antibody specific for CD46 blocks Ad37 infection of Chang
conjunctival and HeLa cervical epithelial cells. Chang conjunctival
cells were preincubated with various concentrations of an antibody
(ADb) specific for the N-terminal 19 amino acids of CD46 or CD55
(DAF) and then infected with 1,000 particles per cell of Ad vector
pseudotyped with the Ad37 fiber (A). HeLa cells were preincubated
with 100-pug/ml CD46 antibody or 1 mM V. cholerae neuraminidase
prior to infection with Ad37 vector (B). Infection was measured as
expression of GFP transgene by flow cytometry. Data represent the
averages and standard deviations of triplicates.
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FIG. 4. CD46 expression selectively promotes Ad37 infection. CHO cells expressing the human DAF (CHO-DAF) (A) or the C2 isoform of
CD46 (CHO-C2) (B) were analyzed by flow cytometry for CD46 (dark gray) and CDS55 (light gray) expression with monoclonal antibodies.
CHO-C2 cells or CHO-DAF cells were infected with Ad vectors carrying the fibers of Ad5 or Ad37 in the absence or presence of 100 pg of
anti-CD46 antibody (Ab) per ml (C). GFP transgene expression was measured 24 h postinfection by flow cytometry. Data represent the averages
and standard deviations of quadruplicates. CHO-DAF and CHO-C2 cells were incubated with wild-type Ad37 virus particles at 4°C for 1 h to
measure virus binding to cells (D). Bound virus particles and cell counts were determined by quantitative PCR. Data represent the averages and
standard deviations of triplicate or quadruplicate determinations of virus counts divided by cell counts (number of particles bound per cell).

conferred by CD46 expression is mainly due to Ad37 binding.
Removal of cell surface sialic acid with neuraminidase had
little effect on Ad37 binding to CHO cells expressing DAF or
CD46 (P = 0.20), indicating that sialic acid is not required for
binding to these cell types. In agreement with previous studies
(24), we found that chelation of divalent cations led to a de-
crease in virus binding (P = 0.07), suggesting a role for divalent
cations in Ad37 adhesion to the cell. Together, these data dem-
onstrate that CD46 functions as an attachment receptor for Ad37.

DISCUSSION

Ad37 is a causative agent for EKC and genital tract infec-
tions. In an effort to understand Ad37 entry and pathogenesis,
we applied improvements in MS and bioinformatics to identify
a 50-kDa Ad37 binding protein as CD46. In contrast to previ-
ous receptor identification efforts, this approach did not re-

quire pure protein. This technique allowed the identification of
proteins in a complex sample and substantially reduced the
number of possible receptors from thousands of molecules in
the human genome to a manageable four candidates. Immu-
nodepletion of each of these four candidates indicated that the
Ad37 capsid selectively binds to CD46. We showed that the
Ad37 fiber knob directly binds to the extracellular domain of
CD46 and that this interaction requires no other viral or cel-
lular proteins. Chelation of divalent cations also had a negative
effect on virus adhesion to the cell surface of CD46-expressing
CHO cells, which is consistent with the calcium dependence of
Ad37 adhesion to human cells (52). The crystal structure of
CD46 revealed the presence of a calcium ion located between
SCR1 and SCR2, which was important for crystallization (11).
This calcium ion may help stabilize CD46 in an orientation that
allows efficient Ad37 association. Ablation of Ad37 binding to
CD46 upon reduction (Fig. 1A) can be attributed to the eight
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disulfide bonds that stabilize the four SCRs of CD46 (Fig. 1C).
This finding suggests that the Ad37 binding site is located in
the SCR domains of CD46. In support of this possibility, Ad37
binding and infection of cells were significantly reduced by an
antibody raised against the N-terminal 19 residues of CD46 in
SCRI1. Importantly, expression of CD46 in CHO cells pro-
motes Ad37, but not AdS, infection. Together, these studies
indicate that CD46 serves as an attachment receptor for Ad37.

CD46 was also recently identified as the receptor for sub-
group B Ads, Ad1l and Ad35 (19, 46). In contrast to our
studies, Segerman et al. (46) found that an antibody specific for
SCR3 and/or -4, but not an antibody specific for SCRI,
blocked Ad11 binding to CHO cells expressing the BC1 iso-
form of CD46 and partially inhibited Ad11 binding to A549
cells (46), suggesting that Ad11 binds an epitope in SCR3 or -4.
Unlike Ad37 adhesion to cells (52), Adl11 association with
CD46 did not require divalent cations (46). Moreover, expres-
sion of the C2 isoform of CD46 on CHO cells had little, if any,
effect on gene delivery by Ad9, another subgroup D member
(19). In conjunction with the identification of the Ad11 and
Ad35 receptor, our experiments indicate that members of the
same virus family use distinct modes of interaction to bind to
the same receptor and that members of the same Ad subgroup
can use different receptors. Further studies will be necessary to
more precisely map the sites of Ad37, Ad35, and Ad11 binding
to CD4e6.

In addition to its role as a receptor for Ad37, Ad35, and
Ad11, CD46 is also a receptor for several other microbial
pathogens, including Neisseria gonorrhoeae (27), human her-
pesvirus 6 (HHV-6) (45), and measles virus (16, 36). N. gon-
orrhoeae and measles virus are also associated with conjuncti-
vitis (20, 37), and HHV-6 causes corneal infections and
retinitis in AIDS patients (41). In addition, both Ad37 and N.
gonorrhoeae are causative agents for genital tract infections.
An interesting link between these ocular and genital tract in-
fections is the common receptor usurped by diverse microbes.
Moreover, CD46 ligation has been shown to downregulate
certain cellular immune responses (34), some of which arise
following signal transduction via the receptor cytoplasmic do-
main (50). Obviously, these receptor-mediated events could
influence host responses to these pathogens and thereby im-
pact disease progression. The use of an immunologically im-
portant molecule by a growing number of microbial agents
therefore may not be coincidental but rather may have evolu-
tionary benefits.

The expression of the C isoforms of CD46 in conjunctival
(Chang C) and cervical (HeLa) cells (39) explains the in vitro
tropism of Ad37 for these cell types. CD46 is selectively ex-
pressed in both the anterior (corneal epithelium) and posterior
(retina) chambers of the eye (10) and has also been found in
ocular fluids (14). It is likely that the presence of CD46 in the
eye contributes to Ad37 tropism for ocular tissue. The identi-
fication of CD46 as an Ad37 receptor does not completely
explain the limited tropism of this virus, however, because this
receptor is broadly distributed on many cell types. One possi-
ble explanation is that certain CD46 isoforms (i.e., C versus
BC) abundantly expressed in the eye or genital tract may be
preferentially used by Ad8, Ad19, and Ad37. In other words,
the selective expression of particular CD46 isoforms, which has
been shown in the brain and central nervous system (26), may
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further limit Ad37 tropism in vivo. Ad37 binds well to Chang
conjunctival cells, which express both BC and C isoforms of
CD46, but poorly to A549 lung epithelials cells (24), which only
express the BC isoform (data not shown). This directly corre-
lates with earlier observations that Ad37 only bound the 60-
kDa membrane protein on A549 cells, but bound both 50- and
60-kDa proteins on Chang cells (52). Only the expression of
the 50-kDa isoform correlates with Ad37 binding and infec-
tion, suggesting that Ad37 preferentially associates with the C
isoforms of CD46 on cell surfaces. In addition, expression of
the BC1 and BC2 isoforms of CD46 on CHO cells resulted in
only a small (20 to 30%) increase in Ad37 binding compared to
binding of CHO cells (46), indicating that the BC isoforms
mediate Ad37 binding poorly. In contrast, we show that ex-
pression of the C2 isoform of CD46 on CHO cells increases
Ad37 binding and infection of CHO cells by over 300% (Fig.
4), indicating that Ad37 can use the C2 isoform of CD46 as a
cell receptor. The contributions of the cytoplasmic tails (CYT1
and CYT2) to Ad37 infection are unknown.

The extracellular domain of the C isoforms differ from the
BC isoforms only in the absence of the 15-residue STP-B
domain, which has been shown to be heavily O-glycosylated
and sialylated. Desialylation with neuraminidase decreased the
apparent molecular mass of the BC isoform by ~8 kDa and
changed its pI from 5 to 7 (5). The effect of STP-B on CD46
structure and function is unclear, although it has been shown
that the BC isoforms bind C4b and protect cells against com-
plement cytotoxicity better than C isoforms (30). Cofactor ac-
tivity for C4b cleavage, which maps to SCR2 and SCR3 (25), is
apparently affected by STP-B, despite there being no known
direct interaction between C4b and STP-B. N. gonorrhoeae,
which appears to bind SCR3 of CD46 (27), also preferentially
binds to the BC isoforms of CD46 (27). Thus, Ad37, like C4b
and N. gonorrhoeae, may recognize a specific CD46 isoform,
but in this case prefers the C isoforms of CD46. Ad37 attach-
ment to cells has been shown to be sensitive to the orientation
of molecules at the cell surface due to its short and rigid Ad37
fiber protein (53). One possibility is that the heavily sialylated
STP-B domain could alter the orientation of CD46 with re-
spect to the cell surface and negatively affect the presentation
of the Ad37 binding site at the cell surface.

We observed that Ad37 infected receptor-null CHO cells
better than Ad5 (Fig. 4C), a finding previously attributed to
sialic acid binding by Ad37 (1). However, the typically weak
nature of protein-carbohydrate interactions is inconsistent with
the nanomolar dissociation constants (K,) of Ad37 binding to
human cells: K, = 3.5 nM for fiber (24) and 0.35 nM for
virions (3). It is possible that sialic acid carbohydrates serve as
low-affinity virus binding sites on some rodent cells, although
rodents are not known to be vectors for Ad37. However, we did
not observe a specific requirement for sialic acid for Ad37
binding of CHO cells (Fig. 4D) or Ad37 infection of Chang
conjunctival cells (52) or HeLa cells (Fig. 3B). Ad37 VOPBA
of neuraminidase-treated Chang conjunctival cells showed that
Ad37 no longer bound desialylated 60-kDa protein but still
bound the 50-kDa protein (52). Upon further inspection of the
VOPBA after identifying the Ad37 receptor as CD46, we
found that the 60-kDa protein (CD46-BC) had instead de-
creased in apparent molecular mass by ~8 kDa to slightly
above that of the 50-kDa protein (CD46-C). The 50-kDa band
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also decreased in molecular mass by ~3 kDa, similar to pre-
vious analyses of MCP with glycosidases (5), and was hidden by
merging with the 45-kDa CAR band. This result clearly dem-
onstrated that wild-type Ad37 virions retained the ability to
bind desialylated CD46.

Another possibility is that sialic acid on molecules other than
CD46 serves as a coreceptor to strengthen Ad37 interaction
with cells. Strengthening of virus-receptor interaction via the
use of sialic acid has been reported for reovirus serotype 3 (T3)
adhesion to the reovirus receptor (7). Binding of sialic acid by
reovirus T3 affected the kinetics of adhesion to HeLa cells but
did not change the affinity. Reovirus, which attaches to cells via
a fiber-like protein called o1, still requires the presence of its
protein receptor, junction adhesion molecule, for efficient
binding to cell surfaces (6). Reovirus binding to sialic acid
induces apoptosis in the infected cell. It is unknown whether
Ad37 binding to sialic acid has a similar effect or contributes to
disease symptoms, but sialic acid binding does not appear to be
essential for virus entry into cells expressing CD46.

The identification of the receptor for Ad37 sheds further
light on the host cell factors that facilitate Ad cell attachment
and entry. MCP/CD46-fiber interaction may also represent a
potential new target for treatment of Ad-associated EKC and
genital tract infections. Antiviral agents that interfere with the
Ad37 fiber-CD46 association may delay or prevent the dissem-
ination of this highly infectious eye disease in hospitals and eye
clinics.
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