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The majority of human rhinoviruses use intercellular adhesion molecule 1 (ICAM-1) as a cell surface
receptor. Two soluble forms of ICAM-1, one corresponding to the entire extracellular portion [tICAM(453)]
and one corresponding to the two N-terminal immunoglobulin-like domains [tICAM(185)], have been
produced, and their effects on virus-receptor binding, virus infectivity, and virus integrity have been examined.
Results from competitive binding experiments indicate that the virus binding site is largely contained within the
two N-terminal domains of ICAM-1. Virus infectivity studies indicate that tICAM(185) prevents infection by
direct competition for receptor binding sites on virus, while tICAM(453) prevents infection at concentrations
10-fold lower than that needed to inhibit binding and apparently acts at the entry or uncoating steps.
Neutralization by both forms of soluble ICAM-1 requires continual presence of ICAM-1 during the infection
and is largely reversible. Both forms of soluble ICAM-1 can alter rhinovirus to yield subviral noninfectious
particles lacking the viral subunit VP4 and the RNA genome, thus mimicking virus uncoating in vivo, although
this irreversible modification of rhinovirus is not the major mechanism of virus neutralization.

The majority of human rhinoviruses, the major causative
agent of the common cold, utilize intercellular adhesion
molecule 1 (ICAM-1) as a receptor on host cells (11).
ICAM-1 is an integral membrane protein with a large N-ter-
minal extracellular portion, a transmembrane anchor, and a
short C-terminal cytoplasmic domain. The normal physio-
logical function of ICAM-1 is to serve as a membrane-bound
ligand of the leukocyte integrin lymphocyte function-associ-
ated antigen 1 (LFA-1) and mediate intercellular adhesion
between leukocytes and a variety of cell types (17, 18, 33).
The protein has sequence homology with members of the
immunoglobulin supergene family, and its extracellular do-
main can be divided into five immunoglobulin-like domains
(32, 35). Electron microscopy (34) has indicated that
ICAM-1 is a highly elongated molecule.
The 3-dimensional structure of two rhinovirus serotypes

have now been determined to atomic resolution by Ross-
mann and colleagues (15, 25). The virion is composed of a
protein capsid of 60 protomeric units, consisting of the four
protein subunits (VP1 to VP4), surrounding an RNA ge-
nome. Each of the 60 protomeric units possesses a recessed
canyon that is likely to contain the receptor binding site (for
a review, see reference 24). The dimensions of the canyon
are such that it is too small to admit the combining site of an
antibody but is apparently large enough to admit the virus
binding site of ICAM-1. The precise extent of the virus
binding site on ICAM-1 remains to be determined, although
results from mouse-human chimeras and site-directed muta-
genesis indicate that the N-terminal domain plays a major
role in virus binding (20, 34), and a molecular model has been
developed for the interaction of the N-terminal domain of
ICAM-1 with the rhinovirus canyon (9). Detergent-solubi-
lized transmembrane ICAM-1 binds to rhinovirus in solution
(11), and a truncated form of ICAM-1 consisting of the
extracellular domain binds to and neutralizes rhinovirus (19).

In an effort to further understand the molecular basis of
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rhinovirus-ICAM-1 interaction and to determine the mech-
anism by which soluble ICAM-1 neutralizes rhinovirus, we
have produced two truncated soluble forms of ICAM-1. In
this report, the properties of these proteins are described and
their abilities to inhibit rhinovirus-receptor binding and
infectivity are compared. These data indicate that there are
three distinct mechanisms by which soluble ICAM-1 pre-
vents virus infection and have implications for the role of the
receptor in virus uncoating within host cells.

MATERIALS AND METHODS

cDNA constructions. Modified forms of the ICAM-1 cDNA
were created by polymerase chain reaction (29) by using the
full-length ICAM-1 cDNA pHRR-2 (11) as template. Plasmid
DNA was digested with EcoRl to excise the ICAM-1 insert
and treated with alkaline phosphatase to prevent recircular-
ization of the vector in subsequent ligation steps. Template
DNA (10 ng) was subjected to 10 cycles of polymerase chain
reaction amplification with the 5' oligonucleotide primer
GGAATTCAAGCTTCTCAGCCTCGCTATGGCTCCCAG
CAGCCCCCGGCCC and the following 3' oligonucleotide
primers: GGAATTCCTGCAGTCACTCATACCGGGGGG
AGAGCACATT for tICAM(453), TTCTAGAGGATCCTC
AAAAGCTGTAGATGGTCACTGTCTG for tICAM(284),
TTCTAGAGGATCCTCAAAAGGTCTGGAGCTGGTAGG
GGG for tICAM(185), and TTCTAGAGGATCCTCACCGT
TCTGGAGTCCAGTACACGG for tICAM(88). The poly-
merase chain reaction products were digested with either
EcoRl [tICAM(453)] or EcoRl and BamHl [tICAM(284),
tICAM(185), and tICAM(88)] and cloned into the polylinker
site of Bluescript SK+ (Stratagene). Clones containing the
desired inserts were verified by restriction analysis and DNA
sequencing. The inserts were excised by digestion with
Hindlll and XbaI and inserted into the expression vector
CDM8 (30).

Transfections and analysis of secreted proteins. For tran-
sient expression, COS cells were transfected by the DEAE-
dextran method (16) and labeled 72 h after transfection with
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[35S]cysteine in cysteine-free Dulbecco's modified essential
medium (DMEM)-2% fetal calf serum for 18 h; culture
supernatants were then immunoprecipitated with the anti-
ICAM-1 monoclonal antibody c78.4 immunoglobulin G
(IgG)-Sepharose and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) as de-
scribed previously (11). Stable CHO transfectants were
obtained by cotransfection of ICAM-1 cDNAs with pSV2-
dihydrofolate reductase into dihydrofolate reductase-defi-
cient CHO cells by the calcium phosphate method or by
electroporation (3). Transfected cells were cloned, and indi-
vidual clones secreting ICAM-1 protein were identified by
radioimmunoassay (RIA) of culture supernatants. Cell lines
secreting tICAM(453) (CT.2A) and tICAM(185) (CD12.1A)
were selected for further study and were subjected to gene
amplification in methotrexate-containing media (3). A clone
derived from CT.2A (resistant to 100 nM methotrexate) and
a clone derived from CD12.1A (resish,,nt to 1 FxM methotrex-
ate) were used for purification of soluble truncated proteins.
RIA. Two monoclonal antibodies, c92.5 (which recognizes

the same epitope as c78.4) and c78.5, define two distinct
conformational epitopes on ICAM-1 (20). These two anti-
bodies were utilized in an RIA for soluble ICAM-1. c92.5
IgG was absorbed onto Immulon-1 (Dynatech, Inc.) micro-
titer plates, the plates were blocked by treatment with a
solution of 10 mg of bovine serum albumin (BSA) per ml-N
buffer (10 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid]-200 mM NaCI-1 mM CaCl2-1 mM
MgCl2 [pH 7.5]), and the plates were incubated with ICAM-
1-containing samples. The plates were then washed with N
buffer-0.05% Tween 20 and incubated with 1251-c78.5 IgG
(labeled with 125I-Bolton-Hunter reagent), and the bound
radioactivity was determined after the plates were washed
and the radioactivity was solubilized with 1% SDS. The
concentration of truncated ICAM-1 was determined by
comparison with a standard curve of purified ICAM-1.

Protein purification. ICAM-1 was prepared from detergent
lysates of HEl cells, and tICAM(453) and tICAM(185) were
purified from culture supernatants of their respective CHO
transfectant cell lines by monoclonal antibody affinity chro-
matography as described previously (11) and then by either
ion-exchange chromatography on Mono-Q for tICAM(453)
with absorption in 10 mM Tris (pH 6.0) and elution with a 0
to 0.5 M NaCl gradient or gel filtration on Superose-12
columns (Pharmacia) for tICAM(185). Protein concentration
was quantitated by amino acid analysis and by RIA. Amino
acid analysis was performed on an Applied Biosystems
model 420A amino acid analyzer.
Hydrodynamic properties. The fexplfo values for truncated

ICAM-1 proteins were determined from the apparent
Stokes' radii (Rs) determined by gel filtration on a Super-
ose-12 column calibrated with protein standards (ferritin,
61.0 nm; catalase, 52.2 nm; bovine serum albumin, 35.5 nm;
ovalbumin, 30.5 nm; and RNase A, 16.4 nm) and the
calculated molecular weights of the core-glycosylated form
of the proteins (determined by SDS-PAGE synthesized in
the presence of swainsonin), as follows: fexp = 6rqRs andfo
= (v2 + &v10/v2)113 fmin (frictional coefficient of solvated
sphere), where fmin = 6Trq(3Mv2/4rTNO) 13 (frictional coeffi-
cient of an unsolvated sphere). The following values are
assumed: v2 = 0.73 cm3/g (partial specific volume of pro-
tein), v10 = 1.0 cm3/g (partial specific volume of solvent), 8 =
0.35 g of H20 per g of protein (solvation of protein), ar = 0.01
g/(cm- s) (viscosity of solvent), and v10 = 1.0 cm3/g (specific
volume of the solvent). The molecular weights of tICAM

(453) and tICAM(185) were assumed to be 64,100 and 27,200,
respectively.
CD. Circular dichroism (CD) spectra were recorded on an

AVIV model 62DS spectrometer. Protein solutions at ap-
proximately 0.5 mg/ml in the indicated buffers were scanned
at 20°C in a cell with a 0.1-cm path length. Five repetitive
scans (1-nm interval, 1.5-nm bandwidth) were averaged,
buffer-subtracted, and then smoothed for each spectrum.
Molar ellipticity was calculated by using protein concentra-
tions determined by amino acid analysis. The spectra for
c92.5 IgG, tICAM(453), and tICAM(185) were collected in
20 mM sodium phosphate buffer (pH 7.5), and the spectrum
for ICAM-1 was collected in 0.1% octylglucoside-150 mM
NaCl-10 mM sodium phosphate (pH 7.5).

Virus binding assay. ICAM-1 (100 ng), purified as de-
scribed previously (11) in the presence of 0.1% beta-octyl-
glucoside, was absorbed to Immulon-4 (Dynatech) microtiter
plates by 10-fold dilution into N buffer, and the plates were
incubated overnight at 4°C. The ICAM-1-coated plates were
washed, blocked with a solution of 10 mg of BSA-N buffer
per ml, and then washed extensively with 0.1% Triton
X-100-N buffer-1 mg BSA per ml. The absorbed ICAM-1
was stably bound under these conditions and supported the
binding of 35S-HRV3. 35S-HRV3 (2 x 105 cpm/ml) was
preincubated with various amounts of ICAM-1 proteins for
30 min at 34°C. A 0.1-mI portion of these samples was added
to the wells of the ICAM-1-coated microtiter dish and then
incubated for 3 h at 34°C. The plates were washed exten-
sively, and the bound radioactivity was solubilized with 1%
SDS and quantitated by scintillation counting; maximum
binding ranged between 20 and 25% of input virus.

Virus growth and infectivity assays. Human rhinovirus type
3 (HRV3) was used as a prototype of a major receptor
rhinovirus throughout this study because it has a higher
affinity toward receptor than the more commonly used
serotype, HRV14 (10). HRV3 (obtained from the American
Type Culture Collection) and [35S]methionine-labeled HRV3
were propagated in HeLa S3 cells and purified as described
previously (11). [3H]uridine-labeled HRV3 was prepared in
the same manner as [35S]methionine-labeled HRV3, except
that infected cells were labeled in DMEM-2% fetal calf
serum containing 1 pLg of actinomycin C1 and 100 ,uCi of
[3H]uridine per ml (Amersham). All infectivity assays were
performed with HeLa S3 cells in DMEM-2% fetal calf
serum. Viral plaque assays were performed by incubating
various dilutions of HRV3 with monolayers of HeLa cells in
35-mm-diameter cluster wells (Costar) for 30 min at 34WC in
a volume of 1 ml. The monolayers were then washed and
overlayed with 0.5% agarose (SeaPlaque; FMC Corp.) in
DMEM-2% fetal calf serum, and plaques were scored after
2 to 3 days of incubation at 34°C following staining with
crystal violet (21). For measurement of infectivity at high
multiplicity of infection (MOI) (see Fig. 3C), 0.1 ml ofHRV3
at 107 PFU/ml was preincubated with various concentrations
of soluble ICAM-1 for 30 min at 34WC and then added to wells
of a 96-well microtiter dish containing 104 HeLa cells per
well. The cultures were then scored after a single cycle of
virus replication by staining with crystal violet (22) at 24 h
postinfection and determining the optical density at 550 nm
on a plate reader (Molecular Devices). All experiments were
performed in triplicate, and the results were expressed as the
concentration of ICAM-1 needed to reduce the optical
density at 550 nm by 50%. Specific infectivity (PFU/cpm)
was determined by plaque assay from the peak fractions of
clearly resolved 149S, 135S, and 80S species.

Sedimentation analysis of rhinovirus. Samples in 0.1 ml
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were sedimented through 5 ml of 5 to 25% sucrose gradients
(in N buffer-1 mg of BSA per ml) at 225,000 x g in an
SW50.1 rotor for 45 min at 4°C. Gradients were fractionated
from the bottom into approximately 20 fractions. Apparent S
values were determined by the rate of sedimentation relative
to standards (catalase, 11.3S; glutamate dehydrogenase,
22.6S; and rhinovirus, 149S).
Dot blot analysis of viral RNA. Peak fractions from a

sucrose gradient were precipitated with 7% polyethylene
glycol-0.6 M NaCl (21), and the pellets were resuspended in
0.1 ml of 1% SDS. RNase-free glycogen (Boehringer Mann-
heim) was added as a carrier to a concentration of 200 ,ug/ml,
and RNA was extracted essentially as described by Rueckert
and Pallansch (27) from equal amounts of [35S]methionine
radioactivity (2,500 cpm, or approximately 10 ng of HRV3).
Samples were applied to Gene Screen Plus filters (NEN) in
dot blot apparatus as described previously (31). Filters were
then prehybridized with 2x SSC (lx SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-5x Denhardt's solution-0.5%
SDS-0.2 mg of salmon sperm DNA per ml for 1 h at 37°C and
then hybridized with a -32P-labeled oligonucleotide probe
for nucleotides 455 to 471 of the positive (+) strand of
HRV14 (5'-GCATTCAGGGGCCGGAG-3'; final concentra-
tion of 2 ng/ml) for 18 h at 37°C. The blot was washed with
2 x SSC-1% SDS twice at 20°C and twice at 42°C before
autoradiography.

RESULTS

Expression of soluble truncated forms of ICAM-1. ICAM-1
cDNAs encoding soluble proteins were constructed by in-
serting stop codons within the reading frame of the ICAM-1
polypeptide. Thus, stop codons were inserted immediately
before the first residue of the transmembrane domain, at the
predicted ends of domains 1, 2, and 3, domains 1 and 2, and
domain 1 to produce a series of progressively truncated
proteins (Fig. 1A). The cDNAs were cloned into the expres-
sion vector CDM8, transfected into COS cells for transient
expression, and cotransfected with pSV2-dihydrofolate re-
ductase into CHO cells for establishment of stable cell lines.
In the experiment for which the results are shown in Fig. 1B,
the secretion of various forms of truncated ICAM-1 in
transiently transfected COS cells was examined. The results
indicated that the entire extracellular domain, tICAM(453),
and the two N-terminal domains, tICAM(185), were effi-
ciently secreted from transfected COS cells as species of
80,000 Da and 43,000 Da, respectively (Fig. 1B). The level of
expression of domains 1, 2, and 3 [tICAM(283)] was approx-
imately 10-fold lower than those of the above-mentioned
fragments, and the secreted protein was more heterogeneous
in mobility on SDS-PAGE. Expression of domain 1
[tICAM(88)] could not be detected in COS cells, and alter-
native constructs in which the stop codon was shifted to
several sites N or C terminal to residue 88 also failed to
produce detectable amounts of protein. In order to obtain
sufficient quantities of protein for functional and structural
studies, CHO cell transfectants were prepared, cloned, and
subjected to stepwise gene amplification in increasing con-
centrations of methotrexate. This resulted in the derivation
of cell lines secreting 1.5 ,ug of tICAM(453) and 1.0 ,ug of
tICAM(185) per ml. A stable cell line expressing tICAM(283)
was not obtained, perhaps because the low level of secretion
was at the limit of sensitivity of the immunoassay. The cells
were adapted to serum-free media, and the secreted ICAM-1
proteins were purified to homogeneity from culture superna-
tants (Fig. 1C).
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FIG. 1. Secretion of soluble ICAM-1 proteins. (A) Diagram of
progressively truncated forms of ICAM-1 used in transfection
experiments. The crosshatched section indicates signal sequence,
and the filled section indicates the transmembrane region. (B)
Fluorograph of [35S]cysteine-labeled products secreted by COS cells
analyzed by SDS-PAGE. The loading of lanes containing
tICAM(283) and tICAM(88) is 10-fold higher than the loading of
other lanes. (C) Silver-stained gel of purified tICAM(453) and
tICAM(185) produced by CHO cell transfectants. In panels B and C,
molecular weight markers (in thousands) are indicated on the left.

Several of the physical properties of tICAM(453) and
tICAM(185) were examined. Both proteins were quantita-
tively immunoprecipitated by two monoclonal antibodies,
c78.4 and c78.5, directed against two distinct conformation-
dependent epitopes on ICAM-1 (data now shown), indicating
that these epitopes were contained within the first two
domains and providing evidence that the purified proteins
were correctly folded. The Stokes radii of tICAM(453) and
tICAM(185) were 5.3 and 3.9 nm, respectively, and the
frictional ratio, f/fo (the ratio between the observed and
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FIG. 2. CD spectra of IgG and ICAM-1 proteins. (A) c92.5 IgG;
(B) ICAM-1; (C) tICAM(453); (D) tICAM(185). Data were collected
and analyzed as described in Materials and Methods.

calculated frictional coefficients), was 1.9 for both tICAM
(453) and tICAM(185), indicating that both fragments of
ICAM-1 are highly asymmetric and elongated molecules. CD
spectra were obtained for the soluble forms of ICAM-1. A
single minimum at 210 to 220 nm is indicative of the presence
of ,B structure and should be seen in proteins containing
immunoglobulin-like domains because of the extensive
amount of P structure in the immunoglobulin fold (38). As
internal standards, spectra were collected for two members
of the immunoglobulin supergene family of known 3-dimen-
sional structure, ,-2-microglobulin (4) and a murine mono-
clonal IgG (1). As expected, the spectra of P-2-microglobulin
(not shown) and IgG (Fig. 2A) possessed single minima at
215 nm and 217 nm, respectively. The spectra of the two
truncated proteins, tICAM(453) and tICAM(185), were sim-
ilar to each other and to that of ICAM-1 (Fig. 2B, C, and D),
with minima at 216 to 217 nm and a broad shoulder at 225 to
230 nm, although the shoulder was more pronounced in
tICAM(185) than in tICAM(453). These CD spectra provide
additional evidence that the soluble ICAM-1 proteins are
properly folded and that they possess significant amounts of
,B structure.

Inhibition of virus binding by soluble ICAM-1. To compare
the effects of the soluble ICAM-1 proteins on virus-receptor
binding, a competition binding assay was employed. Various
concentrations of soluble competitor ICAM-1 proteins were
incubated with 35S-HRV3, and binding to ICAM-1 immobi-
lized on microtiter dishes was determined. As can be seen in
Fig. 3A, both truncated forms of ICAM-1 inhibit HRV3
binding at similar concentrations: tICAM(453) and tICAM(185)

pM tICAM

FIG. 3. Inhibition of virus binding and virus infectivity by solu-
ble forms of ICAM-1. (A) 35S-HRV3 was preincubated with various
concentrations of soluble ICAM-1 for 30 min at 34°C, and binding to
immobilized ICAM-1 was determined as described in Materials and
Methods. (B) Reduction in virus titer by soluble ICAM-1. Approx-
imately 2 x 102 PFU of HRV3 was preincubated with soluble
ICAM-1 in 1 ml, and virus titer was determined by plaque assay as
described in Materials and Methods. (C) Inhibition of virus infec-
tivity under conditions of the virus-binding assay. HRV3 at 107
PFU/ml was preincubated with various concentrations of soluble
ICAM-1 used to infect HeLa cells in a single-cycle, high-MOI
infection (MOI, 100). Infectivity was determined after 24 h as
described in Materials and Methods. tICAM(453), solid circles;
tICAM(185), open squares. Arrow indicates the concentration of
ICAM-1 at which the data shown in Fig. 4 were obtained.

at concentrations of 3.1 + 1.8 ,uM (n = 3) and 9.7 + 3.2 ,uM
(n = 3), respectively, inhibit the binding of 35S-HRV3 by 50%.

Inhibition of virus infectivity by soluble ICAM-1. The effect
of soluble ICAM-1 on rhinovirus infectivity was examined
under several different conditions (Fig. 3B and C; Table 1).
In the experiment for which the results are shown in Fig. 3B
and Table 1 (experiment I), HRV3 was preincubated with
various concentrations of soluble ICAM-1, and virus titer
was determined by a plaque assay in which soluble ICAM-1
was present during the incubation of the virus with the HeLa
cell monolayers. The concentration of tICAM(185) required
to reduce infectivity by 50% (IC50) in this experiment was 5.3
,uM, similar to the concentration needed to inhibit virus
binding by 50%. In contrast, the IC50 for infectivity of
tICAM(453) was 0.4 ,uM, eightfold lower than its IC50 for
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TABLE 1. Neutralization of rhinovirus by soluble ICAM-1

Presence of ICAM-1 IC50

Experimenta during: (p.M)b

Preincubation Infection tICAM(185) tICAM(453)

I + + 5.3 0.4
II + + 13.2 1.2
III + >20 >20

a Data for experiment I are shown in Fig. 3B, data for experiment II (high
MOI) are shown in Fig. 3C, and data for experiment III are described in the
text.

b See Materials and Methods for a description of each assay.

virus binding. The IC50 for infectivity of tICAM(453) was
13-fold lower than that of tICAM(185). Even though the
binding experiments were performed in molar excess of
ICAM-1 over receptor binding sites on rhinovirus (the con-
centration ofHRV3 in these experiments was approximately
17 pM, and the concentration of potential receptor binding
sites was 60-fold higher, or 1 nM), another infectivity exper-
iment was performed in which the concentration of HRV3
was identical to that in the binding experiments. Conse-
quently, HeLa cells were infected at a high MOI in the
presence of soluble ICAM-1 in a single-cycle infection (Fig.
3C and Table 1 [experiment II]). Although the IC50 values for
tICAM(453) and tICAM(185) are approximately 3-fold
higher in the high-MOI experiment than in the plaque assay,
the relative difference in the IC50 values between the two
ICAM-1 species was approximately 11-fold, or essentially
the same as in the low-MOI experiment. The difference in
absolute IC50 values between these two experiments may be
due to a nonlinear relationship between infectious particles
and infected cells at high MOIs. To determine if the neutral-
ization ofHRV3 was reversible, virus was preincubated with
soluble ICAM-1 at 20 ,uM (a concentration known to reduce
infectivity >99%; see Fig. 3B), and the mixture was then
diluted to negligible ICAM-1 concentrations for infection of
HeLa cells. The titers of tICAM(453)- and tICAM(185)-
treated virus were 1.9 x 105 PFU/ml and 3.0 x 105 PFU/ml,
respectively, compared with 3.6 x 105 PFU/ml for control
virus (Table 1, experiment III). Only marginal reduction of
virus titer (<50%) was observed at 20 ,uM soluble ICAM-1,
indicating that the ICAM-1-mediated neutralization of rhino-
virus is largely reversible; this reversibility is presumably
due to simple dissociation of the virus-receptor complex
upon dilution.
Thus, the neutralizing activity of tICAM(185) is directly

correlated with its ability to inhibit virus-receptor binding,
while tICAM(453) neutralizes rhinovirus at a concentration
considerably lower than that necessary to inhibit binding and
is presumably acting by a mechanism in addition to direct
competition for receptor-binding sites on the virus. Neutral-
ization of rhinovirus by both forms of ICAM-1 is largely
reversible.

Effect of soluble ICAM-1 on rhinovirus integrity. Samples
of 35S-HRV3 incubated with tICAM(453) and tICAM(185)
under conditions similar to those in the binding and infectiv-
ity experiments were analyzed by sedimentation through
sucrose gradients. HRV3 incubated with 10 ,uM tICAM(453)
separated into three peaks, 149S (cosedimenting with native
virus), 135S, and 80S (Fig. 4A). The 149S and 135S peaks
were infectious, with PFU/cpm ratios of 200 and 267 com-
pared to a value of 200 for native HRV3. The specific
infectivity of the 80S species was dramatically reduced to a

A.
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tICAM(185), 24 hr

3000
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0 2 4 6 8 10 12 14 16 18

FRACTIONNUMBER
FIG. 4. Sedimentation analysis of HRV3 incubated with soluble

ICAM-1. 35S-HRV3 (105 cpm) was incubated with 10 puM tICAM
(453) (A) or tICAM(185) (B) in N buffer-1 mg ofBSA per ml (pH 7.5)
for 0.5 and 24 h at 34°C. The mixtures were then sedimented through
sucrose gradients as described in Materials and Methods, and the
radioactivity in the fractions was determined by scintillation count-
ing. Fractions are numbered from top to bottom of the gradient.
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FIG. 5. Capsid protein composition of soluble ICAM-1-modified
forms of HRV3. Fractions from control 35S-HRV3 and 149S, 135S,
and 80S [from 3"S-HRV3 incubated with 10 ,uM tICAM(453)] were
subjected to SDS-PAGE followed by fluorography. Densitometry
(normalized to the VP1 band) indicated that the VP4 content of the
80S sample was 9% of control HRV3, 149S, or 135S species.

PFU/cpm ratio of 15; the residual infectivity is probably due
to slight contamination from the 149S and 135S peaks since
the gradients were fractionated from the bottom. This 80S
species was also generated upon incubation with
tICAM(185), although less efficiently (Fig. 4B). The fraction
of HRV3 in the 80S peak in the sample treated with 10 FM
tICAM(453) was 18% after 30 min and 61% after 24 h. The
rate of conversion to the 80S species is highly temperature
dependent and is greater at 37°C than at 34°C, the optimal
temperature for rhinovirus growth (10). Since this concen-
tration of tICAM(453) reduced infectivity to <0.2% (Fig. 3B)
and since the reduction of infectivity is largely reversible,
the conversion of rhinovirus to the noninfectious 80S species
does not play a major role in rhinovirus neutralization by
soluble ICAM-1.

A. B.

35S methionine HRV3

The 149S, 135S, and 80S peaks were characterized with
respect to their viral capsid composition and RNA content.
Analysis of peak fractions by SDS-PAGE revealed that the
149S and 135S peaks possessed all four capsid proteins,
while the 80S peak had dramatically reduced amounts of
VP4 (Fig. 5). To assess the RNA content of the three peaks,
preparations of [35S]methionine- and [3H]uridine-labeled
HRV3 incubated with 10 ,uM tICAM(453) were separated on
sucrose gradients (Fig. 6). The radioactivity from the
[35S]methionine-labeled virus formed a clear 80S peak,
which was insensitive to RNase A. The radioactivity from
the [3H]uridine-labeled virus formed 149S and 135S peaks
but no 80S peak. When RNase A was included in the
incubation, the 149S and 135S peaks were not altered, while
the remainder of the radioactivity distributed across the top
half of the gradient shifted to the top of the gradient. These
data indicate that the 80S peak does not contain RNA and
that the 149S, 135S, and 80S peaks are insensitive to RNase
A digestion. In a second experiment, the viral RNA content
was determined directly by extraction of RNA from equal
amounts of radioactivity from 149S, 135S, and 80S peaks of
[35S]methionine-labeled HRV3 and then by dot blot analysis
with an oligonucleotide probe for the positive (+) strand of
rhinovirus (Fig. 7). This experiment showed that the 149S
and 135S peaks but not the 80S peak contained viral RNA.
Thus, the 80S peak appears to be an empty capsid, lacking
both RNA and VP4. The 135S peak contains both VP4 and
RNA and is infectious. Although the nature of the 135S peak
is unclear at present, it is likely that it is a virion with altered
hydrodynamic properties due to interaction with ICAM-1.

DISCUSSION
In this report, we have described the production and

characterization of two soluble forms of ICAM-1, the major

3H uridine HRV3

I

FRACTION NUMBER
FIG. 6. Viral RNA content of soluble ICAM-1-modified forms of HRV3. Sedimentation analysis of [35S]methionine- (A) and [3H]uridine-

labeled (B) HRV3 after incubation with 10 ,uM tICAM(453) for 30 min at 37°C are shown. Where indicated, RNase A (10 ,ug/ml) was included
in the reaction mixtures. Data are plotted as the percentage of total radioactivity on each gradient (approximately 75,000 cpm and 60,000 cpm
for [35S]methionine- and [3H]uridine-labeled HRV3, respectively). Fractions are numbered from top to bottom of the gradient.
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1IR%3 RNA

A149S

135S
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FIG. 7. Detection of viral RNA by hybridization with an oligo-
nucleotide probe. RNA from the 149S, 135S, and 80S peaks of
[35S]methionine-labeled HRV3 incubated with tICAM(453) was

probed with a 32P-labeled oligonucleotide probe for the positive (+)
strand of rhinovirus. The amount of material loaded from each
sample was normalized to the amount of [35S]methionine radioac-
tivity extracted, as described in Materials and Methods. HRV3
RNA (50 ng) and RNA from 8 ng (of protein) from the 149S, 135S,
and 80S species were applied to the filter.

human rhinovirus receptor, and their effects on virus-recep-
tor binding, virus infectivity, and virus integrity. The results
from these experiments allow us to distinguish three distinct
mechanisms by which soluble ICAM-1 blocks virus growth
and to identify the regions of ICAM-1 responsible for these
activities. In addition, the results presented show that recep-

tor protein can uncoat the rhinovirus particle in vitro and,
thus, have implications for the mechanism of virus uncoating
in vivo.

ICAM-1 has a domain structure that is related to the
immunoglobulin supergene family, and its extracellular por-

tion can be divided into five immunoglobulin-like domains
(32, 35). Two soluble forms of ICAM-1 have been produced,
one corresponding to the entire extracellular domain
[tICAM(453); domains 1 through 5] and one corresponding
to the two N-terminal immunoglobulin-like domains
[tICAM(185); domains 1 and 2]. Constructs coding for do-
mains 1 through 3 were expressed poorly, and domain 1 was
not expressed at all in mammalian cells. These data are

similar to those obtained with CD4, a related member of the
immunoglobulin supergene family (2). A likely explanation
for these findings is that an intimate interaction exists
between certain domains, particularly between domains 1
and 2, which is required for proper folding or solubility of the
polypeptide; the close packing between domains 1 and 2 of
CD4 revealed by its crystal structure has provided evidence
in favor of this interpretation (28, 37). Physical characteri-
zation of tICAM(453) and tICAM(185) indicate that both are
asymmetric molecules, consistent with the data of Staunton
et al. (34) with regard to a soluble form of ICAM-1 that is
essentially the same as tICAM(453). Proteins belonging to.
the immunoglobulin supergene family would be expected to
have domains with the immunoglobulin fold motif, which is
basically two apposed sheets of antiparallel 0i strands with
connecting loops (38). CD indicates that both tICAM(453)
and tICAM(185) have significant amounts of P structure,
consistent with their sequence homologies to immunoglobu-
lin supergene family members, and provides evidence that
the proteins are properly folded. However, the CD spectra
do have features that are significantly different from those of
classical members of the immunoglobulin supergene family;
the shoulder at 225 to 230 nm present in the two ICAM-1
species [particularly in tICAM(185)] is not found in the
spectra of P-2-microglobulin and IgG. These differences
suggest the presence of novel secondary structural features,
particularly within domains 1 and 2. Indeed, the homology of
many of the domains of ICAM-1 to immunoglobulin super-
gene family members determined by the ALIGN program
(5), while significant, is not high (data not shown). Domain 1,

in particular, has a number of unusual features for an
immunoglobulin-like domain, such as a relatively short dis-
tance (44 residues) between intradomain disulfide bonds and
four instead of two cysteines in the B and F P strands. Thus,
structural predictions based on the immunoglobulin fold
motif should be made with caution.

Competitive binding studies indicate that the binding site
for rhinovirus is largely contained within the first two
domains. This conclusion is consistent with studies on
transmembrane ICAM-1, in that human-mouse chimera
studies by Staunton et al. (34) indicate that the rhinovirus
binding site is located within domains 1 and 2. Similar
studies by McClelland et al. (20) indicate that the rhinovirus
binding site is located within domain 1. The reason for the
small but significantly (threefold) greater inhibitory activity
of tICAM(453) relative to that of tICAM(185) is unclear,
although two possibilities are the fact that (i) tICAM(185) is
less stably folded than tICAM(453) or (ii) the large size of
tICAM(453) creates additional steric interference [relative to
tICAM(185)] for a subsaturated virus particle binding to
membrane-bound ICAM-1. In studies with transmembrane
forms of ICAM-1, Staunton et al. (34) have reported that a
shortened form of ICAM-1 containing only domains 1 and 2
binds rhinovirus at approximately 1/10 the level of full-length
transmembrane ICAM-1, which they propose is due to
inaccessibility to the receptor-binding site on the virus
because of the short distance of the virus binding site of
ICAM-1 from the plane of the membrane. Direct analysis of
the stoichiometry of soluble ICAM-1-virus binding may help
to resolve this issue.
The effects of tICAM(453) and tICAM(185) on virus

infectivity are clearly distinguishable. tICAM(185) inhibits
virus infectivity at essentially the same concentration at
which it inhibits virus-receptor binding, indicating that its
mode of aption is by competitive inhibition of virus binding
to cellular receptor. tICAM(453), however, inhibits infectiv-
ity at a concentration 10-fold lower than that required for
inhibition of binding, indicating a second mechanism for
neutralizing; virus dependent upon functions encoded by
domains 3, 4, and 5. Although the nature of this second
mechanism is unclear at present, it is reasonable to conclude
that entry or intracellular uncoating steps are involved. One
possibility is that the large size of tICAM(453) relative to that
of tICAM(185) creates steric problems for subsaturated
virus-receptor complexes during the entry or uncoating
steps; another possibility is that additional contacts with the
virus or with adjacent tICAM(453) molecules on the virion
mediated by domains 3, 4, or 5 are responsible for the
enhanced neutralizing activity of tICAM(453). Marlin et al.
(19) reported a similar disparity between the ability of a
soluble ICAM-1 molecule similar to tICAM(453) to inhibit
virus-receptor binding and virus infectivity, although this
was attributed to differences in the experimental conditions
of the two assays. In the binding and infectivity experiments
reported here, soluble ICAM-1 is in considerable molar
excess above that of virus or viral receptor binding sites and
we have performed our binding and infectivity studies at
identical rhinovirus concentrations. The results presented
here indicate that the differences in the binding and neutral-
ization activities are significant.

Both tICAM(453) and tICAM(185) have the ability to
irreversibly inactivate rhinovirus by causing the loss of the
viral subunit VP4 and the RNA genome; this constitutes a
third mechanism of virus neutralization by soluble receptor.
The subviral particles resulting from this alteration are
similar in some respects to the eclipse products described for
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poliovirus and other picornaviruses generated during infec-
tion of cells (7, 8, 13), which are thought to be products of
the uncoating process (26). It has been demonstrated that
poliovirus can be conformationally altered in cell-free sys-
tems by membranes containing poliovirus receptor (6, 12) or
detergent-solubilized poliovirus receptor (14) to a 135S form
lacking VP4 but still containing RNA (in an RNase-sensitive
state). However, release of RNA requires further treatment
of the 135S species with high concentrations of salt (14) or
SDS (6, 12), and generation of 80S empty capsids requires
live cells (8). We have demonstrated here that truncated
soluble ICAM-1 can alter rhinovirus to an 80S species
lacking both VP4 and RNA and, thus, essentially uncoats the
virus. We have also identified an intermediate 135S particle
which results from ICAM-1-rhinovirus interaction; this par-
ticle differs from the 135S poliovirus altered particle in that it
is infectious and contains VP4. These differences between
rhinovirus and poliovirus with respect to the products of in
vitro virus-receptor interaction may reflect differences in the
rate-limiting steps for' uncoating between rhinovirus and
poliovirus or may reflect the different experimental condi-
tions under which the experiments were performed. The
alteration of rhinovirus by soluble ICAM-1 clearly indicates
that receptor can completely uncoat rhinovirus in the ab-
sence of other cellular components, suggesting that destabi-
lization of the rhinovirus by receptor plays a role in the
uncoating process in vivo. This may be a general phenome-
non, as it has recently been reported that soluble CD4
induces the release of gpl20 from the human immunodefi-
ciency virus virion, and it has been hypothesized that this
release of gpl20 from virions attached to'the cell surface may
expose regions of gp4l molecules that could promote fusion
of the virion and cell membranes (22, 23), which occurs at
neutral pH at the cell surface (36). However, the physiolog-
ical significance of ICAM-1-mediated uncoating in vivo is
unclear since there is also a requirement for a chloroquine-
sensitive low-pH step inside the cell for rhinovirus infection
(10). A more detailed description of the in vitro alteration of
rhinovirus by ICAM-1 and its role in virus uncoating in vivo
will be presented elsewhere. However, it is clear from the
data presented here that uncoating does not play a major role
in soluble ICAM-1-mediated neutralization of rhinovirus
under the conditions of optimal rhinovirus growth, since the
inhibitory activity of soluble ICAM-1 toward virus infection
is largely reversible and because the conversion to the 80S
form can only account for a small fraction of this activity.

In conclusion, we have demonstrated that two forms of
soluble ICAM-1, tICAM(453) and tICAM(185), inhibit virus-
receptor binding and virus infectivity. Differential effects of
these two proteins on these processes have defined three
distinct mechanisms of virus neutralization. The first mech-
anism appears to be a simple competition of soluble receptor
for receptor binding sites on the virus, and determinants
within domains 1 and 2 of ICAM-1 are responsible for this
activity. The second mechanism is a reversible neutraliza-
tion in which virus is apparently blocked at an entry or
uncoating step and involves contributions from domains 3, 4,
and 5. The third mechanism is an irreversible inactivation of
the virus characterized by the loss of the virus subunit VP4
and the RNA genome.
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