L] AMERICAN Journal of @CrossMark
SOCIETY FOR . &click for updates
—3 MICROBIOLOGY Verlogy

The Coxsackievirus and Adenovirus Receptor: Glycosylation and the
Extracellular D2 Domain Are Not Required for Coxsackievirus B3
Infection

Sandra Pinkert,® Carsten Roger,? Jens Kurreck,® Jeffrey M. Bergelson,” Henry Fechner®

Department of Applied Biochemistry, Institute of Biotechnology, Technische Universitat Berlin, Berlin, Germany?; Division of Infectious Diseases, Children’s Hospital of
Philadelphia, Philadelphia, Pennsylvania, USA®; Department of Pediatrics, University of Pennsylvania Perelman School of Medicine, Philadelphia, Pennsylvania, USA®

ABSTRACT

The coxsackievirus and adenovirus receptor (CAR) is a member of the immunoglobulin superfamily (IgSF) and functions as a
receptor for coxsackie B viruses (CVBs). The extracellular portion of CAR comprises two glycosylated immunoglobulin-like do-
mains, D1 and D2. CAR-D1 binds to the virus and is essential for virus infection; however, it is not known whether D2 is also
important for infection, and the role of glycosylation has not been explored. To understand the function of these structural com-
ponents in CAR-mediated CVB3 infection, we generated a panel of human (h) CAR deletion and substitution mutants and ana-
lyzed their functionality as CVB receptors, examining both virus binding and replication. Lack of glycosylation of the CAR-D1 or
-D2 domains did not adversely affect CVB3 binding or infection, indicating that the glycosylation of CAR is not required for its
receptor functions. Deletion of the D2 domain reduced CVB3 binding, with a proportionate reduction in the efficiency of virus
infection. Replacement of D2 with the homologous D2 domain from chicken CAR, or with the heterologous type C2 immuno-
globulin-like domain from IgSF11, another IgSF member, fully restored receptor function; however, replacement of CAR-D2
with domains from CD155 or CD80 restored function only in part. These data indicate that glycosylation of the extracellular
domain of hCAR plays no role in CVB3 receptor function and that CAR-D2 is not specifically required. The D2 domain may
function largely as a spacer permitting virus access to D1; however, the data may also suggest that D2 affects virus binding by
influencing the conformation of D1.

IMPORTANCE

An important step in virus infection is the initial interaction of the virus with its cellular receptor. Although the role in infection
of the extracellular CAR-D1, cytoplasmic, and transmembrane domains have been analyzed extensively, nothing is known about
the function of CAR-D2 and the extracellular glycosylation of CAR. Our data indicate that glycosylation of the extracellular CAR
domain has only minor importance for the function of CAR as CVB3 receptor and that the D2 domain is not essential per se but
contributes to receptor function by promoting the exposure of the D1 domain on the cell surface. These results contribute to our

understanding of the coxsackievirus-receptor interactions.

oxsackie B viruses (CVBs) initiate infection of their host cells
by interaction with the coxsackievirus and adenovirus recep-
tor (CAR). An additional cell surface protein, decay-accelerating
factor (DAF), promotes binding to the cell surface but is not suf-
ficient for infection (1-3). CAR is a member of the immunoglob-
ulin superfamily (IgSF) and is composed of two extracellular im-
munoglobulin-like domains, D1 (amino acid [aa] 20 to 139) and
D2 (aa 142 to 229), as well as a typical hydrophobic transmem-
brane domain (TMD; aa 236 to 258) and an internal cytoplasmic
domain (ICD; aa 259 to 365) (4). The extracellular immunoglob-
ulin-like domains vary in their secondary structure by different
B-strand folding. Whereas D1 shows a typical V-type fold struc-
ture, D2 has a C2-type immunoglobulin fold (5, 6). Several studies
indicate a primary role for the D1 domain in CAR interactions
with CVB3 (7) and adenovirus (8), as well as in CAR/CAR homo-
philic interactions (9—11). Although the isolated D1 domain, pro-
duced in Escherichia coli, binds adenovirus efficiently (8), the
same D1 domain was found to bind poorly to CVB3 (7), suggest-
ing a possible supporting role for the D2 domain during CAR/
CVB3 interaction.
Numerous picornavirus receptors are members of the IgSF:
intercellular adhesion molecule-1 (ICAM-1) is a receptor for cox-
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sackievirus A21 (CAV21) and the major group of human rhino-
viruses (HRVs), and CD155 serves as the poliovirus receptor
(PVR). In each case, virus interacts with the membrane-distal D1
domain (12-14). However, studies with PV, HRV, and hepatitis A
virus (HAV) have shown that deletion of the membrane-proximal
extracellular domains decreases virus binding to the receptor, as
well as infection of the cells (13, 15-17). Replacement of these
proximal domains with homologous domains from other species
restored normal receptor function (18, 19), but replacement with
heterologous protein domains did not (16, 20). Thus, domains
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that are located membrane proximal to the virus-binding D1 do-
main are important to maintain virus receptor properties, but the
mechanisms that are involved are not well understood.

CAR functions not only as the main receptor for CVB but also
as an attachment receptor for subgroup A and C to F adenoviruses
(2, 21). Experiments with adenovirus 5 revealed significantly at-
tenuated binding and infection through CAR lacking the D2 do-
main, suggesting that the D2 may contribute to of the D1 domain
with the adenovirus fiber-knob (22). Moreover, additional exper-
iments showed that glycosylation of CAR’s two extracellular do-
mains influences adenovirus infection (23). In general, posttrans-
lational modifications such as glycosylation play an important
role in protein folding and conformation (22) and, as a result,
many physiological activities such as migration, cell adhesion, and
receptor/ligand binding are affected by glycosylation (23). CAR
has two N-glycosylation sites, one on each of its extracellular do-
mains (N106 in D1 and N201 in D2). Glycosylation of ICAM-1 is
not required for rhinovirus binding (19, 24) or for poliovirus in-
teraction with PVR (25). In contrast, the binding and infection
efficiency of hepatitis A virus (HAV) depends on glycosylation of
the HAV cellular receptor havcr-1, and deglycosylation results in
decreased susceptibility of the cells to HAV infection (26). These
data suggest either that glycosylation is needed to maintain the
conformation of the havcr-1-D1 domain, which is required for
virus binding and uptake, or that the N-glycan itself forms part of
the binding site (26).

The role of CAR glycosylation in CVB binding and infection
has not been defined. Further, although CAR-D1 is known to be
make direct contact with virus (7), and the TMD and ICD are
known to be dispensable for infection (27); the function of the D2
domain is not certain. In the present study, we intended to clarify
the role of CAR glycosylation, and the specific role of D2, on CVB3
binding and infection. We found that elimination of CAR’s N-
linked glycosylation sites by mutagenesis and inhibition of glyco-
sylation by tunicamycin treatment had no effect on CAR-medi-
ated infection by CVB3. Further, experiments with domain
deletion and substitution mutants provided evidence that CAR-
D2, although it is not specifically required for binding or infection,
nonetheless contributes to CAR’s interaction with the virus. The
D2 domain may act as a spacer that facilitates virus access to D1,
and/or it may promote binding by influencing the conformation
of the D1 domain.

MATERIALS AND METHODS

Cells and viruses. CVB3 (Nancy strain; VR-30) was obtained from
ATCC and propagated in HeLa cells. Virus expansion, virus labeling,
and plaque assays were performed on low-passage-number HeLa cells.
HelLa cells were maintained in minimal essential medium (Gibco/Life
Technologies, Grand Island, NY) supplemented with 5% fetal bovine
serum (FBS), 1% penicillin-streptomycin, and 1 X nonessential amino
acids (Gibco). Chinese hamster ovary (CHO-K1) cells and CHO-DAF
cells (28) were cultivated in F-12 medium containing 1% penicillin-
streptomycin and 10% FBS.

Construction of various CAR and soluble CAR expression plasmids.
To generate plasmid phCAR, hCAR encoding cDNA was amplified from
pZS2/hCARs (29) and inserted via EcoRI/Sall into the plasmid pscAAV-
MCS (30). To generate phCARDI DNA fragments containing the
hCAR-D1 domain (aa 1 to 139 of hCAR, where aa 1 is the initial methio-
nine of the leader sequence) and hCAR, the TMD and ICD were amplified
from phCAR and fused by overlap PCR. The fused fragment was digested
with EcoRI and Sall and inserted into pscAAV-MCS. The plasmids ph-
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CAR-CD80 and phCAR-CD155 were generated as follows. Total RNA
was isolated from HeLa cells and reverse transcribed using SuperScript II
reverse transcriptase (Invitrogen, Karlsruhe, Germany). The CD80-D2
(NCBI accession no. NM_005191; aa 140 to 232) and CD155-D2 (acces-
sion no. NM_006505; aa 141 to 242) domains were amplified and fused to
the hCAR-D1 (behind aa 141) domain by PCR and then inserted into
plasmid pscAAV-MCS as described above. To generate plasmid phCAR-
chCAR, a PCR fragment containing the hCAR-D1 domain (aa 1 to 139)
was amplified from pZS2/hCARs, and a PCR fragment containing the D2
domain of chicken CAR (chCAR; aa 144 to 240) was amplified from a
chCAR cDNA (kindly provided by Fritz G. Rathjen; Max Delbriick Cen-
ter for Molecular Medicine, Berlin, Germany; NCBI accession no.
XM_004938354). The fragments were fused by overlap PCR and inserted
into phCAR, which leads to replacement of the extracellular domain of
hCAR by the chimeric hCAR-D1/chCAR-D2 domain. To construct pch-
CAR-hCAR, the D1 domain of chCAR (aa 1 to 143) was amplified from
chCAR ¢DNA and fused to the D2 and TM/IC domains of hCAR by
overlap PCR, and the chimeric chCAR-D1/hCAR-D2 domain was in-
serted into phCAR as described above. For phCAR-IgSF11, the D2 do-
main of IgSF11 (aa 142 to 240) was amplified from IgSF11 ¢cDNA (acces-
sion no. BC034411 [Thermo Scientific]) and fused to the hCAR-D1
domain by overlap PCR. The chimeric hCAR-D1/IgSF11-D2 domain was
inserted into phCAR as described above. The plasmids phCARy; 60
PhCARy,501» and phCARy /201 containing the hCAR glycosylation
mutants hCARy, g6 NCARN01» and hCARy 6/201 TESPectively, were
generated by site-directed mutagenesis of phCAR following the protocol
described previously (31).

To generate the sCAR-Fc (i.e., the fusion protein of the extracellular
domain of CAR and the carboxyl terminus of human IgG1 Fc domain)
expression plasmid psCAR-Fc, the sCAR-Fc cDNA was amplified from
the DNA of the adenoviral vector AdG12 (32) by PCR with Pfu polymer-
ase (PfuUltra high-fidelity DNA polymerase; Agilent Technologies, Boe-
blingen, Germany) using primers linked with EcoRI sites and ligated into
the EcoRI-digested pscAAV-MCS (30). The sCAR-Fc variants with de-
leted D2 domain were generated by PCR. Therefore, we used the sense
primer, including the EcoRI restriction site, and BamHI-linked antisense
primers that bound to CAR aa 139. The PCR fragment was inserted into
BamHI/EcoRI digested psCAR-Fc upstream and in frame with the car-
boxy terminus of human IgG-Fc. The plasmid was termed psCARD1-Fc.

The plasmids psCARy;060-F¢ PSCARN,010-F¢, and psCARy06/2010"
Fc containing the coding sequence for the soluble versions of the
hCAR glycosylation mutants (SCARyg6q-FC, SCARy,g,o-Fc, and
SCARy106/201g-Fc) were generated as follows. The extracellular domains
of the hCAR glycosylation mutants were amplified by PCR from
PhCARy 06qr PhCARy,01p and phCARy 061201 Using EcoRI- and
BamHI-linked primers and inserted into EcoRI/BamHI-digested psCAR-
Fc, upstream and in frame with the carboxy terminus of human IgG-Fc.
The correctness of all plasmids was proven by sequencing.

Transfection of CHO-KI1 cells and CHO-DAF cells. CHO-K1 and
CHO-DAF cells were transfected using polyethylenimine (Polyethyleni-
mine Max; Polyciences, Warrington, PA) 24 h after seeding at a density of
70 to 90%. At 4 h posttransfection (p.t.), the medium was replaced with
fresh medium containing 10% FBS.

Western blotting. CAR-transfected CHO-K1 cells were scraped at 48
h p.t. from six-well plates and lysed. For each sample, 20 pg of protein was
separated on a 4 to 20% Bis-Tris gel (Bio-Rad, Hercules, CA) and trans-
ferred onto a polyvinylidene difluoride membrane. To detect CAR and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), the membrane
was incubated, after blocking with 5% dry milk/PBS-T (phosphate-buft-
ered saline with 0.1% Tween 20), with affinity-purified rabbit anti-CAR
antibody at a dilution of 1:1,000 at room temperature for 1 h. After three
washes with PBS-T, the membrane was incubated with horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit antibody (GE Healthcare) ata
dilution of 1:5,000 in 5% dry milk/PBS-T for 1 h. After an extensive wash-
ing, CAR expression was detected by measuring the chemiluminescence
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using SuperSignal West Dura extended-duration substrate (Thermo Sci-
entific). For the loading control, the membrane was stripped with Restore
Western Blot stripping buffer (Thermo Scientific), reblocked, and incu-
bated with directly HRP-conjugated rabbit-anti-GAPDH antibody at a
dilution of 1:200 overnight at 4°C and then developed as described above.

Flow cytometry to detect receptor expression on the cell surface.
Transfected CHO-K1 cells were detached at 48 h p.t. with PBS-2.5 mM
EDTA and then washed with PBS. The cells were stained on ice with an
affinity-purified rabbit-anti-CAR antibody (33) for 1 h at a dilution of
1:1,000, followed by secondary goat anti-rabbit antibody conjugated to
fluorescein isothiocyanate (FITC) at a 1:500 dilution in 10% goat serum
(GE Healthcare, Pittsburgh, PA). After the final washing step, the cells
were resuspended in PBS and analyzed by flow cytometry using a BD
Accuri C6 (BD Biosciences, San Jose, CA). The mean fluorescence was
calculated by determining the geometric mean of CAR-expressing cells
minus the geometric mean of a negative control sample.

Immunofluorescence microscopy. CHO-K1 cells were seeded on
eight-well chamber slides coated with poly-1-lysine (BD Biosciences) at a
density of 5 X 10* cells/well and then transfected with wild-type hCAR- or
chimeric CAR-expressing plasmids 24 h later. To analyze protein localiza-
tion, the cells were fixed at 48 h p.t. with 4% formalin, and the CAR
proteins were stained with an affinity-purified rabbit anti-CAR antibody
(33) for 1 h at a dilution of 1:1,000, and a secondary goat anti-rabbit
antibody conjugated to Texas Red (GE Healthcare) was added after three
washing steps for an additional 1 h at a dilution of 1:500 containing 10%
goat serum. The cells were embedded with Vectashield mounting medium
containing DAPI (4',6'-diamidino-2-phenylindole; Vector Laboratories,
Burlingame, CA). To detect newly synthesized CVB3 antigen, transfected
CHO-KI cells were incubated with CVB3 (at a multiplicity of infection
[MOI] 0f 10) and fixed at 10 h p.i. with a 3:1 mixture of ice-cold methanol-
acetone; the CVB3 was then stained with mouse anti-enterovirus VP1
monoclonal antibody (NCL-Entero; Leica Biosystems, Buffalo Grove, IL)
at a 1:500 dilution for 1 h and goat anti-mouse secondary antibody con-
jugated to FITC (GE Healthcare).

Radiolabeling of CVB3 and purification of mature particles. Conflu-
ent HeLa cells, growing in a 75-cm? flask, were washed twice with methi-
onine-cysteine and serum-free medium (Dulbecco modified Eagle me-
dium [DMEM] plus 20 mM HEPES) and incubated with 2 ml of CVB3
(MOT of 40) for 45 min at room temperature with continuous rocking.
After the virus dilution was aspirated, the cells were washed once with
CO,-equilibrated radiolabeling medium (methionine-cysteine-free
DMEM, 1X penicillin-streptomycin, 1X r-glutamine, and 5% dialyzed
FBS) and then incubated with 10 ml of radiolabeling medium at 37°C.
After 3 h, the medium was replaced with fresh radiolabeling medium
containing 400 p.Ci of [**S]methionine-cysteine, and the incubation was
continued overnight. The cells were completely lysed by three freeze-thaw
cycles following incubation on ice after the addition of 10% Triton X-100/
PBS (final concentration, 1%). Virus-containing supernatant was cleared
from cell debris by centrifugation (20 min, 12,000 X g, 16°C) and further
incubated with 0.1 volume of 10% sodium dodecyl sulfate. Radiolabeled
virus was then pelleted through a 30% sucrose cushion in acetate buffer (1
M NaCl, 20 mM Tris-acetate [pH 7]) at 240,000 X g for 90 min at 16°C
and then thoroughly resuspended in 150 wl of heparan sulfate (HS) buf-
fer. Mature virus particles (160S) were separated from procapsid, A-par-
ticles (135S), and empty capsids (80S) by ultracentrifugation on a 15 to
30% continuous sucrose gradient at 240,000 X g for 60 min, followed by
fractionation (200 pl per fraction from top to bottom). Next, 5 .l of each
fraction were measured by scintillation counting to identify the radioac-
tive peak. Peak radioactive fractions corresponding to mature virions
were then pooled and stored at —80°C.

Virus binding to transfected cells. Radiolabeled CVB3 (20,000 cpm/
well) was bound to transfected CHO-K1 cells in 24-well plates for 1 h at
room temperature with continuous rocking. Unbound virus was removed
by three washing steps with PBS, the cells were lysed with detergent (Solv-
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able; Perkin-Elmer, Waltham, MA), and the cell-bound radioactivity was
assessed using a scintillation counter.

Production of the sCAR-Fc variants. To produce the different
sCAR-Fc variants, the HeLa cells were transfected with polyethylenimine
at a density of 90%. The medium was replaced with fresh medium con-
taining 1% FBS at 16 h p.t., and supernatants containing SCAR-Fc pro-
teins were harvested after an additional 3 days. The concentrations of the
various sSCAR-Fc mutants were measured by an enzyme-linked immu-
nosorbent assay detecting human IgG-Fc (Bethyl Laboratories, Mont-
gomery, TX).

Virus binding to soluble receptors immobilized on beads. Portions
(10 pl) of Dynabeads Protein G (Life Technologies) and 0.5 pg of each
chimeric Fc-linked protein were diluted in 10 pl of immunoprecipitation
buffer (20 mM Tris-Cl [pH 7.4], 135 mM NaCl, 1% Triton X-100, 10%
glycerol) and 80 ul of DMEM with 1% FBS, followed by incubation for 1
h at 4°C. The beads were washed once and incubated with radiolabeled
CVB3 (10,000 cpm) in DMEM containing 1% FBS and 10% immunopre-
cipitation buffer for an additional 1 h at 4°C. The beads were washed five
times with immunoprecipitation buffer and suspended in 50 pl of PBS,
and the amount of bound virus was quantified by scintillation counting.

Virus infection and plaque assay. CHO-K1 and CHO-DAF cells were
incubated at 48 h after plasmid transfection with CVB3 for 1 h at room
temperature. After incubation, the virus was removed, and the cells were
washed twice with PBS to remove unbound virus. Thereafter, medium
was added to the cells, and the cells were frozen after additional incubation
for 0, 24, or 48 h at 37°C. After three freeze-thaw cycles probes were
centrifuged to remove cell debris, and the infectious virus particles were
quantified by plaque assay as described previously (30). In experiments
with tunicamycin, CHO-K1 cells were incubated with 0.25 g of tunica-
mycin (Sigma-Aldrich, catalog no. T7765)/ml for 4 h before transfection
with hCAR expression plasmids, and treatment was continued for an
additional 36 h before infection.

Statistical analysis. For statistical analysis, Prism software 5.0 (Graph-
Pad, San Diego, CA) was used. The results are expressed as means * the
standard deviations (SD). To compare two groups, a Student t test was
performed. Asterisks are used in the legends and figures indicate statisti-
cally significant differences (*, P < 0.05; **, P < 0.01).

RESULTS

CAR-mediated CVB3 infection does not require glycosyla-
tion of the CAR-D1 or -D2 domains. To determine whether
glycosylation is important for CAR interactions with CVB3,
we examined the receptor function of CAR mutants lacking
the sites for N-linked glycosylation of either D1 (hCARy;06q)
or D2 (hCARy,,q) or lacking both glycosylation sites
(hCARy10612010) (Fig. 1A).

Mutated proteins were expressed by transient transfection of
the CAR-negative cell line CHO-K1 and analyzed by Western
blotting, flow cytometry, and immunocytochemistry. When ana-
lyzed by Western blotting (Fig. 1B), fully glycosylated wild-type
CAR migrated at 46 kDa, as previously reported (1). The resulting
protein bands from the CAR mutants reflect the loss of glycosyla-
tion in a stepwise manner: single glycosylation-deficient mutants
hCARy; o0 and hCARy,4, o showed an equal protein size, smaller
than hCAR but larger than the double glycosylation-deficient
variant hCARy, 4¢/2010» Which migrated at 40 kDa, a finding con-
sistent with the CAR amino acid sequence (34). Analysis by flow
cytometry confirmed that all four CAR variants were expressed at
the surfaces of similar numbers of transfected CHO-K1 cells and
in similar amounts (Table 1). As shown in Fig. 1C, immunofluo-
rescence analysis indicated that, like wild-type hCAR, the glycosy-
lation-deficient mutants were located at sites of cell-cell contact.

To determine whether glycosylation-deficient mutants func-
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FIG 1 Expression of hCAR glycosylation mutants in CHO-KI1 cells. (A) Schematic illustration of wild-type hCAR and hCAR glycosylation mutants. (B) Protein
expression in transiently transfected CHO-K1 cells analyzed by Western blotting with polyclonal anti-CAR rabbit antibody. Mutants lacking glycosylation of the
D1 domain (hCARy¢6q)> the D2 domain (hCARy,4, ), or both domains (hCARy6/201) show increased mobility compared to wild-type hCAR. CHO-K1 cells
exposed to transfection reagent without plasmid DNA (mock) served as a negative control. All lanes are from a single exposure of a single immunoblot; the line
indicates where irrelevant lanes were deleted. Lane M, MagicMark XP Western protein standard. (C) Localization of wild-type hCAR and hCAR mutants detected
with anti-CAR rabbit antibody (red). DAPI was used for nuclear staining (blue). Both wild-type hCAR and hCAR glycosylation mutants were concentrated at

cell-cell junctions (arrows). Magnification, X400.

tioned as receptors for CVB3, we measured their capacity to bind
virus and mediate infection. We used two different approaches to
quantify the binding of CVB3 to the hCAR glycosylation mutants
and compared them to fully glycosylated hCAR. First, CHO-K1

TABLE 1 Surface expression of wild-type and mutant CAR molecules®

Mean = SD
CAR-positive
CAR molecule Description cells (% total) ~ MFI (X10°)
Wild type hCAR 363 7.2 484 =39
Glycosylation mutants hCARy;060 349+ 3.9 48.0 = 4.1
hCAR 5010 33.8 £ 2.8 59.3 + 9.0
hCARy 052010 37-6 £ 7.5 55.5 = 11.2
D2 domain chimeras hCARD1 399 £6.2 51.7 = 8.0
hCAR-CD155 362 *+73 714 7.0
hCAR-CD80 364 = 1.6 64.9 = 9.4
hCAR-IgSF11 39.7 64 45.4 * 16.1
hCAR/chCAR chimeras ~ ¢chCAR-hCAR  34.7 £2.3 40.3 £ 12.9
hCAR-chCAR 36.0 = 8.2 39.5 £12.8

@ Transfected CHO-K1 cells were stained with polyclonal rabbit anti-CAR antibody and
FITC-conjugated anti-rabbit secondary antibody 48 h after transfection. The
percentages of CAR-positive cells and the geometric mean fluorescence intensity (MFI)
of the total population were determined using stained mock-transfected CHO-K1 cells
as a negative control. Both the percentages and the geometric means of CAR-positive
CHO-KI cells at 48 h after transfection are indicated.
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cells were transiently transfected and incubated 48 h later with
radioactive **S-labeled CVB3 at room temperature. Unbound vi-
rus was washed away, and cell-bound virus was quantified by scin-
tillation counting (Fig. 2A). In contrast to results previously re-
ported for adenovirus, CVB3 bound equally well to the mutants
and to wild-type CAR. To measure virus interaction with a pre-
cisely controlled quantity of receptor protein, in the absence of
other membrane components, we also measured virus binding to
soluble (s) CAR proteins bound to protein G-beads. For these
experiments, the extracellular domains of the three CAR glycosy-
lation mutants were fused to the constant domain (Fc) of the
human IgG; we used fully glycosylated sCAR-Fc (32) as a positive
control and soluble Fc (sFc) as negative control to evaluate subse-
quent binding ability to CVB3. In accordance with our previous
results, the efficiency of virus binding to sCAR-Fc proteins was not
affected by different glycosylation levels (Fig. 2B), whereas no vi-
rus bound to the negative control. These experiments indicate that
glycosylation of the CAR extracellular part (D1 and D2 domain)
does not alter CVB3 binding.

To measure infection, we incubated transfected CHO-K1 cells
with virus (MOI of 5) and quantified viral replication by the de-
tection of infectious viral particles by plaque assay at 0 and 24 h
postinfection. As shown in Fig. 3A and in accordance with the
previous binding data, deglycosylation of the D1 domain, the D2
domain, or both domains had no adverse affect on CVB3 infection
and replication; in fact, the virus titers were somewhat higher in
the cells expressing hCARy,, > although not in the double degly-
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FIG 2 Loss of hCAR glycosylation has no influence on CVB3 attachment. (A)
Virus binding to CHO-K1 cells transfected with hCAR glycosylation variants
was determined as described in Materials and Methods. CHO-K1 cells exposed
to transfection reagent without plasmid DNA (mock) served as a negative
control. (B) Different glycosylated CAR variants were expressed as soluble
receptors fused to human IgG-Fc, and equal amounts were bound to protein
G-coated magnetic beads. Soluble Fc was used as negative control. Bead-cou-
pled soluble receptor proteins were incubated with >>S-labeled CVB3 (10,000
cpm) for 1 h at 4°C. After washing, bound virus was measured by scintillation
counting.

cosylated CAR variant (hCARy46/2010)- These results were con-
firmed in an additional time-dependent infection experiment
over a period of 48 h postinfection (Fig. 3B). To confirm by an-
other approach that glycosylation was not required for infection,
we used tunicamycin to inhibit glycosylation in CAR-transfected
CHO-KI cells. In cells treated with 0.25 g of tunicamycin/ml,
Western blotting revealed no glycosylated CAR (46 kDa) but only
the 40-kDa unglycosylated protein (Fig. 3C); nonetheless, virus
replicated to equal titers in tunicamycin-treated and control cells
(Fig. 3D).

Because DAF, in addition to CAR, functions as an attachment
receptor for CVBI, -3, and -5, we examined the effect of CAR
glycosylation in cells that also express DAF. CHO cells stably ex-
pressing DAF (CHO-DAF cells) were transfected with wild-type
CAR or with glycosylation-deficient mutants and then assessed for
susceptibility to infection by CVB3 (Fig. 3E). Although viral rep-
lication in these cells depended on the presence of CAR, the rep-
lication efficiency was higher in cells expressing both DAF and
CAR than in cells expressing CAR alone (compare these results to
those in Fig. 3A). The findings support the idea that virus attach-
ment to DAF facilitates CAR-dependent virus infection. However,
consistent with our previous observations, replication was inde-
pendent of CAR glycosylation. In addition to DAF and CAR, a
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third molecule, HS, has been shown to serve as a receptor for a
single CVB3 isolate, CVB3-PD (35). We found that soluble hepa-
rin had no effect on infection by the CVB3 Nancy strain used in
our studies, whereas CVB3-PD was completely inhibited (data not
shown). Taken together, these experiments indicate that glycosy-
lation is not necessary for CAR localization to the cell surface and,
further, that glycosylation of D1 and D2 is not important for
CAR’s function as a CVB3 receptor.

Deletion of the D2 domain reduces virus attachment but
does not prevent infection by CVB3. Like CVB3 (7), adenovirus
binds directly to the CAR-D1 domain (8); nonetheless, the D2
domain has also been reported to be important for adenovirus
binding and infection (31). To test the importance of the D2 do-
main for CAR function, we generated a D2 deletion mutant in
which the D1 domain was joined directly to the TMD and ICD
(Fig. 4A). As determined by flow cytometry, hCARD1 was ex-
pressed on the cell surface at levels approximately equal to those
observed for hCAR (Table 1). However, immunofluorescence mi-
croscopy revealed that hCARD1, unlike wild-type hCAR, did not
concentrate at intercellular junctions (Fig. 4B).

Despite its expression at the cell surface, the deletion mutant
hCARD1 bound radiolabeled CVB3 with distinctly less efficiency
(16%) than did wild-type hCAR (Fig. 4C). This suggests either
that the D2 domain contributes directly to binding or that the D2
domain facilitates virus binding to D1, possibly by permitting it to
project farther from the cell membrane. We also examined bind-
ing to hCARDI expressed as a fusion protein (Fig. 4D). Deletion
of the D2 domain from sCAR-Fc reduced CVB3 binding (Fig. 4D),
but the reduction was less marked than that observed with trans-
fected cells (40% rather than 16%); one possible explanation for
this is that the addition of the IgG Fc region renders the D1 do-
main more accessible to virus.

The expression of hCARD1 permitted infection of transfected
CHO-K1 cells, as determined by the production of progeny virus
at 24 h (Fig. 4E) and by the synthesis of intracellular viral antigens
(not shown), but the viral titers were reduced by 80% compared to
those obtained from cells expressing full-length hCAR. The reduc-
tion in virus replication was proportional to the 84% decrease we
observed for virus binding (Fig. 4C). Taken together, these results
indicate that hCARD1 without a D2 domain can function as a
CVBS3 receptor, although in an inefficient manner. Further, the
results suggest that, although the D2 domain is needed for optimal
virus binding, it is not essential for postattachment events in in-
fection, such as virus internalization or uncoating.

Complete recovery of CAR function after substitution of the
D2 domain by other IgSF-D2 domains. We suspected that D2
might function simply as a spacer, permitting the virus-binding
D1 domain of CAR to project above the cell surface. If this is the
case, we expected that replacement of the D2 domain with other
sequences—as long as they did not perturb the D1 structure—
would restore the capacity of the receptor to bind virus and me-
diate infection. We therefore produced chimeras in which the
hCAR-D2 domain was replaced by C2-type immunoglobulin-
like domains from members of the IgSF such as CD80, CD155
(PVR), IgSF11, and chicken CAR (chCAR) (Fig. 5A). Among
these domains, chCAR-D2 shows the greatest sequence homol-
ogy to hCAR-D2 (45%), although chCAR does not function as
a CVB3 receptor (36). IgSF11-D2 has 31% homology,
CD155-D2 has 21% homology, and CD80-D2 has no sequence
similarities to hCAR-D2.
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FIG 3 Loss of hCAR glycosylation does not impair CVB3 replication. (A) Infection at an MOI of 5. CHO-K1 cells were transfected with different hCAR
glycosylation variants, cultured for 48 h, incubated with CVB3 (5 PFU/cell) for 1 h at room temperature, washed twice to remove unbound virus, and incubated
again for 0 h or 24 h at 37°C. Virus titers were determined by plaque assay. Mock-transfected cells (no DNA) were included as a control. (B) Time-dependent
replication of CVB3 in CHO-K1 cells expressing hCAR or the various glycosylation variants. Transfected cells were exposed to CVB3 (MOI of 0.1), and virus titers
were measured at 0, 24, and 48 h after infection by plaque assay. (C) Inhibition of glycosylation by tunicamycin. CHO-K1 cells were treated without or with
tunicamycin (0.05 to 0.25 pg/ml) for 4 h before transfection with the hCAR expression plasmid, and treatment was continued for 36 h after transfection. A
Western blot shows a dose-dependent reduction in the apparent molecular mass of hCAR from 46 kDa (mock treatment) to 40 kDa (predicted). Lane M,
MagicMark XP Western protein standard. (D) The glycosylation of hCAR has no influence on viral infection and replication. CHO-KI1 cell were transfected with
hCAR expression plasmid and treated with or without tunicamycin at 0.25 pg/ml as described for panel C and then infected with CVB3 (MOI of 0.1) at 36 h p.t.,
and the virus titers were determined by plaque assay 24 h later. The results are shown as means and the SD for three independent experiments each performed
in duplicate. (E) CAR-dependent infection in cells that also express DAF. Stably transfected CHO cells expressing hDAF (CHO-hDAF) were transfected with
different hCAR glycosylation variants and infected with CVB3 (MOI of 1) 48 h later. Virus titers were determined by plaque assay at 0 and 24 h after infection.

*, P < 0.05 (compared to hCAR control value).

FACS analysis confirmed that all the chimeric receptor con-
structs were expressed in similar amounts on the surface of trans-
fected CHO-KI1 cells (Table 1). Interestingly, although all of the
chimeras were recognized by a polyclonal anti-CAR antibody, the
monoclonal antibody RmcB did not recognize hCAR chimeras
bearing the D2 domains of CD80, CD155, or IgSF11; nor did
RmcB recognize a chimera in which the hCAR-D1 domain was
replaced by chCAR-D1 (data not shown). Only wild-type hCAR
and the hCAR-chCAR chimera in which the hCAR-D2 domain
was replaced with chCAR-D2 were detected by both antibodies.
Immunofluorescence revealed differences in localization of the
chimeric CAR variants in transfected CHO-K1 cells. Like
hCARD1, the hCAR-CD80 and hCAR-CD155 chimeras showed a
diffuse distribution with little or no accumulation at cell-cell con-
tact sites. In contrast, h\CAR-IgSF11 and hCAR-chCAR, as well as
chCAR-hCAR, localized to cell-cell junctions (Fig. 5B, white ar-
TOWS).

We then examined binding of radiolabeled CVB3 to transiently
transfected CHO-K1 expressing the different CAR chimeras. In
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general, virus bound more efficiently to constructs including any
of the D2 domains (Fig. 5C) than to D2-deleted hCAR (hCARD1)
(Fig. 4C). CVB3 binding to hCAR-IgSF11 and hCAR-chCAR was
as efficient as virus binding to wild-type hCAR itself, whereas
binding to hCAR-CD80 and hCAR-CD155 was moderately less
efficient, with decreases of about 53% (hCAR-CD80) and 15%
(hCAR-CD155), respectively, compared to hCAR. The results
demonstrate that, with regard to virus binding, at least some het-
erologous D2 domains can completely replace the function of
hCARD2.

To determine whether heterologous domains could restore the
full capacity of hCARDI to mediate CVB3 infection, we measured
virus replication in transfected cells (Fig. 5D). The virus titers in
CHO-KI cells expressing hCAR-chCAR and hCAR-IgSF11 24 h
after CVB3 infection were the same as those in cells expressing
wild-type hCAR. This indicates that these chimeric proteins were
as active as wild-type CAR in mediating virus infection. In con-
trast, CVB3 infection was distinctly reduced in cells expressing
hCAR-CD80 or hCAR-CD155. Interestingly, although CVB3
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FIG 4 Deletion of CAR-D2 domain reduces, but does not prevent, virus at-
tachment and infection. (A) Schematic illustration of wild-type hCAR and a
D2 deletion mutant (hNCARDL1), expressed as cell surface receptors (left) and as
dimeric soluble Fc fusion proteins (shown as monomers, right). hCAR consists
of extracellular domains D1 and D2, a transmembrane domain (TMD), and an
intracellular domain (ICD). In the deletion mutant hCARD1, the D1 domain
is directly fused to the hCAR TMD. In the wild-type soluble fusion protein
sCAR-Fc, the entire CAR ectodomain is fused to the immunoglobulin G Fc
region; in the deletion mutant sSCARD1-Fc, D1 alone is fused to Fc. (B) CAR
localization in transfected CHO-K1 was analyzed by immunofluorescence us-
ing polyclonal anti-CAR antibodies. For the wild-type hCAR, the image was
taken from Fig. 1. Wild-type hCAR was concentrated at cell-cell junctions; in
contrast, h\CARD1 showed little or no localization to junctions. (C) Binding of
*3S-labeled CVB3 to CHO-K1 cells expressing hCAR or hCARD1, measured as
described in Materials and Methods. The results are shown as means and the
SD for three independent experiments. (D) Binding of **S-labeled CVB3 to
sCAR-Fc and the D2 deletion sSCARD1-Fc mutant. Equal amounts of each
soluble fusion protein (or sFc as a negative control) were bound to protein
G-coupled magnetic beads, and virus binding was measured as described in
Materials and Methods. (E) Viral replication in cells transfected with wild-type
hCAR or hCARDI. Transfected CHO-K1 cells were incubated with CVB3 atan
MOI of 5 for 1 h at room temperature, washed twice to remove unbound virus,
and then incubated for 24 h at 37°C. Virus titers were determined by plaque
assay at 0 and 24 h after infection. *, P < 0.05 (compared to hCAR control
value).

binding to hCAR-CD155-expressing cells was more efficient
(85%) than binding to hCAR-CD80-expressing cells (47%) (Fig.
5C), the virus titers were nearly 10-fold higher in cells expressing
hCAR-CD80 than in cells expressing hCAR-CD155 (Fig. 5D). The
coexpression of hDAF (CHO-DAF cells) as an alternative attach-
ment receptor increased viral replication, but the relative efficacies
of the different CAR chimeras did not change in the presence of
DAF (Fig. 5E). Thus, although DAF may enhance viral attach-
ment, it does not compensate for decreases in CAR function that
occur when the D2 domain is eliminated.

Although hCAR-chCAR appeared to function as efficiently as
wild-type hCAR, we observed neither virus binding (Fig. 5C) nor
viral replication in CHO-K1 cells transfected with chCAR and
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chCAR-hCAR (Fig. 5D and E). This confirms the previously de-
scribed inability of chCAR to mediate CVB3 infection (36) and is
consistent with strong evidence that D1 is directly involved in
virus binding (7).

Taken together, these results with chimeras demonstrate that
the hCAR-D2 domain is not per se necessary for CVB3 binding or
infection. Receptor function is reduced after deletion of the
hCAR-D2 domain, but it can be fully restored by substitution with
homologous or heterologous C2 type immunoglobulin-like do-
mains of proteins from other IgSF members.

DISCUSSION

Many picornaviruses use receptor proteins that belong to the IgSF
(1, 13,26, 37). In each case, the virus binding site is located within
the amino-terminal D1 domain of the receptor (7, 13, 26). Earlier
work demonstrated that the CAR transmembrane and cytoplas-
mic domains are not required for CVB3 infection (7, 27), but the
role of D2 had not been investigated. Further, although extracel-
lular glycosylation is known to be important for other CAR-me-
diated functions, including homotypic adhesion and adenovirus
infection (38), the role of glycosylation in CVB3 infection had not
been examined. We found here that glycosylation of the extracel-
lular portion of CAR does not contribute to CVB3 infection. Fur-
ther, we found that, although the CAR-D2 domain is not specifi-
cally required, the presence of either CAR-D2 or D2 domains
from some other IgSF members facilitated both virus binding and
infection. We believe that CAR-D2 acts primarily as a spacer, en-
hancing virus access to the D1 domain—either because a longer
stalk allows D1 to project beyond the cellular glycocalyx or be-
cause it facilitates virus interaction with more than one receptor at
a time. Although D2 appears to facilitate virus attachment, the
data suggest that it has no important role in postattachment events
such as internalization and uncoating.

Itis important to note that our experiments were all performed
under conditions in which virions, which are multivalent, may
have the opportunity to interact simultaneously with multiple
CAR molecules, either at the cell surface or immobilized on beads.
We did not attempt to measure the affinity of a single receptor
molecule with a single binding site on the virion’s surface, and our
experiments do not exclude the possibility that the specific bind-
ing affinities (as opposed to the effective avidities) of the mutated
receptors we studied might differ from those of wild-type CAR.
Nonetheless, the results indicate that—under the conditions in
which CVB3 naturally encounters receptors at the cell surface—
neither deglycosylated CAR nor CAR in which D2 had been re-
placed by some other immunoglobulin-like domains differed
from wild-type CAR in their capacity to mediate virus attachment
and infection.

Studies of other picornavirus receptors have indicated variable
roles for glycosylation in receptor function. For example, glycosy-
lation of havcr-1 is needed to maintain the required conformation
for binding and uptake of HAV. In contrast, glycosylation appears
to inhibit PV binding to PVR (16, 26). CAR has two glycosylation
sites, one on each extracellular domain (38). He et al. (7) observed
that a CAR-D1 domain, produced in bacteria and therefore lack-
ing glycosylation, bound poorly to CVB3 (7), and other authors
(38) have suggested that this might indicate a role for glycosyla-
tion. However, we found that deglycosylation of the D1 and/or D2
domains of CAR had no adverse effect on CVB3 binding or infec-
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FIG 5 Complete recovery of CAR function after substitution of the D2 domain by other D2 domains of the IgSF. (A) Schematic illustration of various CAR
proteins: left, wild-type hCAR and wild-type chCAR; center, chimeric chCAR/hCAR receptors containing the chCAR-D1 domain fused to the hCAR-D2 domain
(chCAR-hCAR) or the hCAR-D1 domain fused to chCAR-D2 (hCAR-chCAR); and right, hCAR-D1 domains fused to the D2 domains of CD80, CD155, or
IgSF11. (B) Localization of CAR chimeras expressed in CHO-K1 cells. Cells transfected with CAR chimeras were stained with polyclonal anti-CAR antibodies and
examined by immunofluorescence microscopy. Typical localization to cell-cell junctions was observed for wild-type hCAR, the hCAR/chCAR chimeras, and
hCAR-IgSF11 (white arrows), whereas the other substitution mutants (hCAR-CD80 and hCAR-CD155) showed little or no localization to the junctions. (C)
Binding of with **S-labeled CVB3 to CHO-K1 cells expressing wild-type CAR or chimeric receptors, measured as described in Materials and Methods. (D) Viral
replication in cells expressing chimeric receptors (MOI of 5). Transfected CHO-K1 cells were incubated with CVB3 for 1 h at room temperature, washed twice
to remove unbound virus, and then incubated at 37°C. Viral titers were determined by plaque assay at 0 and 24 h. (E) CHO-K1 cells stably expressing hDAF
(CHO-hDAF) were transfected with wild-type or chimeric hCAR receptors (or mock transfected). At 48 h after transfection, the cells were exposed to CVB3 at
the indicated MOIs, washed, and incubated at 37°C for 24 h. Virus titers were determined by plaque assay. The results are shown as means and the SD for triplicate
samples. ns, not significant; *, P < 0.05; **, P < 0.01 (compared to hCAR control value).

tion. If anything, infection was more efficient in the absence of D1
glycosylation.

ICAM-1 is decreased after the deletion of D3, D4, and D5 (40). We
found that CVB3 bound less efficiently when CAR-D2 was deleted

Based on structural evidence (7), CVB3 binds to the CAR-D1
domain, but it seems that additional domains of IgSF receptors
may be important for infection by other picornaviruses. A soluble
ICAM-1 variant consisting only of the D1 and D2 domains inhib-
its HRV3 infection less effectively than a soluble ICAM with all five
domains (39), and binding of HRV14 to membrane-bound
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and that binding was partially or even fully restored when
CAR-D2 was replaced by domains from some other members of
the IgSF. This suggests that D2 serves in large part as a spacer,
permitting the optimal exposure of CAR-D1 to the virus at the cell
surface. Our results are consistent with earlier studies of the PVR
and ICAM-1, which demonstrated that D1 was sufficient for re-
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ceptor function, although the efficiency of binding and infection
was increased by the addition of some, but not all, heterologous
immunoglobulin-like domains (18-20, 41).

We found that only the D2 domains from IgSF11 and chCAR—
the two domains most similar to hCAR-D2—restored binding to
wild-type levels. Although we cannot exclude the possibility that
some shared D2 sequences participate in virus binding, the se-
quence identity among these domains is quite low (31% for CAR
and IgSF11), and most of the identical residues are remote from
D1 in the available crystal structure (data not shown) (10). We
believe it more likely that replacement of CAR-D2 with D2 do-
mains of CD55 or CD80 affected the structure or orientation of
CAR-D1. In this regard, it is interesting that chimeras with these
D2 domains were not localized to cell-cell contacts, perhaps be-
cause they interfered with D1-D1 homophilic interactions. An
influence of CAR-D2 on proper D1 conformation may also be
suggested by the results of He et al. (7), who reported that an
unglycosylated CAR-D1 domain fragment bound poorly to
CVB3, whereas a glycosylated D1/D2 fragment bound much bet-
ter. In the light of our data, which show that glycosylation itself is
not important for CAR binding to CVB3, the data obtained by He
et al. may support the idea that D2 promotes virus binding by
influencing the conformation of D1.

The results reported here add to our understanding of how
CAR’s structure contributes to its function as a coxsackievirus
receptor. They may also impact the application of the virus recep-
tor trap sSCAR-Fc as an antiviral treatment. The antiviral action of
sCAR-Fc against CVB infection in vitro and in vivo has been ex-
tensively examined by us and by other groups (32, 42—44). Large-
scale production of sCAR-Fc in animal cells is inefficient and
costly, and the production of glycosylated sCAR-Fc is a limiting
factor for clinical applications. Although protein production in
prokaryotes is quite efficient, prokaryotes do not perform many
important posttranslational modifications, including N-linked
glycosylation (23, 45). Our observation that glycosylation is not
required for CAR interaction with CVB3 opens the possibility of
large-scale soluble receptor production in prokaryotes, an impor-
tant step toward using soluble CAR proteins as therapeutics in
CVB infections.
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