
R E P O R T S 

strain overexpressing patS (10). 
We propose a model in which a processed 

PatS peptide, originating from differentiating 
proheterocysts, diffuses along the filament's 
contiguous periplasmic space and is taken up 
by neighboring cells, creating a gradient of 
inhibitory signal. The intracellular target of 
PatS signaling is unknown, but components 
of a phosphorelay such as that found in Ba
cillus (13) are likely candidates. 
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has been hampered by the lack of virus culture 
systems in vitro. Although hepatocytes and B 
lymphocytes are thought to be infected by HCV 
(7), there is no consensus on viral tropism, and 
the cellular receptor for the virus has not been 
identified. 

We have shown previously that a recom
binant form of the major envelope protein 
(E2) of HCV binds with high affinity to 
human lymphoma and hepatocarcinoma cell 
lines, whereas it does not bind to mouse cells 
(6). Furthermore, in chimpanzees vaccinated 
with recombinant El and E2 envelope pro
teins, protection from homologous HCV 
challenge correlated with the presence of an
tibodies capable of inhibiting the binding of 
E2 to human cells (6). These results suggest
ed that E2 may be responsible for binding of 
HCV to target cells. 

To identify the E2-binding molecule on hu
man cells, we prepared a cDNA expression 
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library from A2R cells, a subclone of the hu- 
man T cell lymphoma Molt-4, which exhibited 
high E2-binding capacity (7). This library was 
screened by transient transfection of a mouse 
fibroblast cell line (WOP) (8) with E2 as a 
probe (9). This approach resulted in the identi- 
fication of a cDNA clone that conferred E2- 
binding capacity to WOP cells upon transient 
transfection. This clone contains an insert of 0.9 
kb encoding human CD81. This widely ex- 
pressed 25-kD molecule is a member of the 
tetraspanin superfamily (lo), which includes 
cell surface proteins that span the membrane 
four times, forming two extracellular loops. The 
intracellular and transmembrane domains of 
CD81 are highly conserved among different 
species, whereas the major extracellular loop is 
quite diverse (Fig. 1). The major loop is highly 
conserved in humans and chimpanzees, which 
are the only known species permissive to HCV 

(Fig. 3D). These results demonstrate that anti- 
E2 antibodies, which are capable of neutraliz- 
ing HCV infection in vivo, can inhibit the bind- 
ing of HCV to CD81 in vitro, supporting the 
idea that CD8 1-E2 interaction is relevant to 
infection. 

Our data demonstrate that human CD81 is 
sufficient for binding not only E2 but also HCV 
particles. Given the wide distribution of CD81 

been found in T and B lymphocytes and 
monocytes (1  7). Whether virus binding to 
CD81 is followed by entry and infection in 
all cell types is not clear, because it is 
possible that additional factors are required 
for HCV fusion or infectivity. 

CD8 1 participates in different molecular 
complexes on different cell types, a fact that 
may affect its capacity to mediate HCV attach- 

(lo), these results imply that HCV can bind to ment or to deliver signals to target cells. For 
a variety of cells other than hepatocytes. Con- instance, on epithelial and hematopoietic cells, 
sistent with this finding, HCV RNA has CD81 associates with integrins (18), whereas 
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recombinant E2 and antibodies to CD8 1 (an- 
ti-CD8 1) to assess this interaction. Recombi- 
nant E2 competitively inhibited the binding 
of anti-CD81 to Epstein-Barr virus (EBV)- 
transformed B cell lines (EBV-B cells) (Fig. 
2A). In addition, E2 reacted in protein immu- 
noblots with anti-CD81-precipitated material 
(Fig. 2B). CD81 on fresh lymphocytes and 
hepatocytes is also capable of binding E2, as 
demonstrated bv immunohistochemical stain- 
ing with biotinllabeled E2 (11). 

Because of the lack of HCV culture assays 
in vitro, we developed alternative methods to 
demonstrate that CD81 interacts with HCV. We 
prepared a recombinant fusion protein (Fig. 3A) 
expressing the major extracellular loop (EC2) 
(amino acid residues 113 to 201) of human or 
mouse CD81 fused to the COOH-terminal end 
of thioredoxin (TRX-EC2) (12). The proteins 
containing the human, but not the mouse, loop 
bound to E2 in protein immunoblot (13) and in 
solution as shown by inhibition of binding of 
E2 to human cells (Fig. 3B). To assess virus 
binding, we attached human or mouse TRX- 
EC2 proteins to polystyrene beads and incubat- 
ed them with an infectious plasma containing 
known amounts of viral RNA molecules. After 
washing, the amount of bead-associated virus 
was measured by quantitative reverse transcrip- 
tion polymerase chain reaction (RT-PCR) (14). 
Beads coated with human TRX-EC2, but not 
with mouse TRX-EC2, bound HCV in a con- 
centration-dependent fashion (15) . (Fig. 3C). 
Preincubation of beads with anti-CD81 inhibit- 
ed virus binding. Furthermore, preincubation of 
the infectious plasma with sera from chimpan- 
zees that were protected from homologous 
HCV challenge by vaccination with El and E2 
envelope proteins (1 6) inhibited HCV binding 
to CD81 (Fig. 3D). In contrast, sera from vac- 
cinated but nonprotected chimpanzees, al- 
though containing anti-E2, were not inhibitory 

I I --------- Tn4 --------- I---crs---l Fig. 1. Expression cloning of the HCV E2-binding 
> O x  ,,, molecule. Alignment of CD81 amino acid sequences 

Hum.n K L n l G I M I W A v l M I P ~ L a ~ G I ~ s S W  from human (A2R cell line), chimpanzee (peripheral Chimpaplmze ............................ 
G n m M o n k e y  ............................ 
Hamrur 

blood mononuclear cells) (26), green monkey (COS ............................ 
RSI .................................... cell line) (26), hamster (CHO cell line) (26). rat (27). 
Mouse .................................... and mouse (28). Predicted cytoplasmic (CY), trans- 

membrane (TM), and extracellular (EC) domains are 
indicated according to (70). Single-letter abbreviations for the amino acid residues are as follows: 
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G. Cly; H, His; I, Ile; K. Lys; L, Leu; M, Met; N. Asn; P, Pro; Q, 
GLn; R, Arg; 5, Ser; T, Thr; V, Val; W. Trp; and Y. Tyr. 

Fig. 2. Interaction between re- , loo- A B 
combinant E2 and CD81. (A) e 

Dose-dependent inhibition of an- 2 1 2 3 4 5  

ti-CD81 binding to B cells by re- f: 80 combinant E2. EBV-B cells were 
incubated with increasing concen- 
trations of recombinant E2 for 1 
hour at 4OC and then stained with 2 
an mAb to CD81 (clone 15-81. 0 48 - 1"141 

< . 

Pharmingen). The data are ex- I / 33-  
pressed as percentage of inhibition 5 , 
of mean fluorescence intensity (6). 
Preincubation with E2 did not in- 1 
hibit binding of an anti-major his- 0- + 

tocompatibility complex class I 
0.1 1 10 1m 

(clone W6132) (29). (8) E2 detects, E2 (Clgtml) 

on protein irnrnunoblot, the 25-kD 
protein immunoprecipitated by anti-CD81. A membrane protein extract (about 300 pg) prepared from 
the A2R cell line was solubilized with 8 mM 3-[(3-cholamidopropyI)-dirnethyCammonio]-l-propane- 
sulfonate in PBS (pH 7.4) and incubated with 10 pg of recombinant E2 (lanes 2 and 3). 20 pg of 
anti-CD81 (lane 4), or 20 pg of a control antibody (anti-human CD9; ATCC) (lane 5). After incubation 
for 2 houn at 4OC, the samples were immunoprecipitated with chimpanzee antisera to E2 (lane 2), 
chimpanzee preimmune sera (lane 3), or goat anti-mouse IgC (lanes 4 and 5) bound to protein 
A-Sepharose (CL-48; Pharmacia). The precipitated samples were eluted in Laemmli buffer, separated by 
SDS-PACE under nonreducing conditions, and transferred to a PVDF (polyvinylidene difluoride) mem- 
brane by electroblotting. The blots were then probed with recombinant E2 (1 pg/ml) overnight followed 
by a 2-hour incubation with an rnAb to E2 (mAb 291). Visualization of the immunoprecipitated proteins 
detected by E2 was performed with a peroxidase-conjugated polyclonal anti-mouse IgC (Amenham). 
As a positive control, a portion of the total membrane extract was also loaded on the gel (lane 1). The 
mobilities of molecular mass (in kilodaltons) markers are indicated at left. The 25-kD CD81 is 
irnmunoprecipitated directly by anti-CD81 or indirectly by a combination of E2 and anti-E2 as shown 
in lanes 4 and 2, respectively. The high molecular mass bands observed in all lanes (including negative 
control lane) probably represent cross-reaction of the secondary antibody, detection of E2 precipitated 
by chimpanzee antisera to E2 subsequently recognized by anti-E2 mAb (lane 2), or detection of rnAb to 
CD81 (lane 4) or mAb to CD9 (lane 5) by the secondary anti-mouse. 
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Fig. 3. The major extra- A -
--- '""' B 


cellular loop of CD81 
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and viral particles. (A) 
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EC2 (pgiml) 


oredoxin-EC2 fusion beads only D 

protein. The nucleotide beads only 


and the amino acid se- beads-hEC2 (10 pglml) 


quences of the joining beads-hEC2 (50 ugrmi) beads-hEC2 


region are indicated. 

beads.hEC2beads.mEC2 (50 ugiml) iThe enterokinase cleav- + chimo No. 559 

age site is underlined. post-immunizatibn serum r 
Pi,,, lac promoter; SD, beads-hEC2 

ribosome-binding site; beads only 
+ chlmp No. 559 

ere.immunization serum 

TRX, thioreboxii; EC2, b e a d s . h ~ ~ 2 ( 5 0  beads.hEC2pglml) 

human major +chimp No. 590 
beads.h~c2(50 vgrml) post-immunizat~onserum

lular loop (amino acid +anti.CDBl beads-~ECZ 

residues 113 to 201) of beads-hEC2 (50 pgrml) +chimp No. 590 

CD81. (B) Dose-depen- tantl.HBsAg pre.lmmunizat~onserum 

dent inhibition of E2 0 5 13 15 23 25 i 5 l i  l 5  

binding to hepatocarci- HCV RNA molecules (x 10.~) HCV RNA molecules (x lom3) 
noma cells by recombi-

bound to beads bound to beads 

nant molecules expressing the EC2 of human CD81. Cells were incubated with E2 and increasing 
concentrations of human (closed circles) or mouse (open circles) TRX-EC2 for 1 hour at 4°C and then 
stained with mAb to E2. Data are expressed as percentage of inhibition of mean fluorescence intensity. 
(C) Binding of HCV to CD81. Polystyrene beads were coated with human (hEC2) or mouse (mEC2) 
TRX-EC2 (10 or 50 kg/ml) overnight at room temperature (14).Each bead was then incubated at 37OC 
with chimpanzee infectious plasma (genotype la) containing 5 X l o 5  HCV RNA molecules in 200 kl. 
The bound virus was eluted with lysis buffer, and HCV RNA was measured by quantitative RT-PCR (14). 
Similar results were obtained with an infectious plasma containing HCV of the genotype Ib. For 
inhibition experiments, the TRX-EC 2-coated beads were incubated with mAb to CD81 or with an 
isotype-matchedirrelevantantibody [hepatitis Bsurface antigen (anti-HBsAg)] as control, for 1 hour at 
room temperature before incubation with the virus (14). (D) Antibodies that neutralize HCV infection 
in vivo inhibit bindingof HCV to CD81 in vitro. The chimpanzee infectious plasma (200 kl)  used in the 
experiment described in (C) was preincubated at 4'C for 1 hour with 2 kl of serum either from a 
chimpanzee (number 559) protected from homologous HCV challenge by vaccination with E l  and E2 
envelope proteins or from a chimpanzee (number 590) not protected from homologous HCV challenge 
after vaccination with E l  and E2 envelope proteins (6).As a control, chimpanzee infectious plasma was 
preincubated with preimmunizationsera. The plasma was then incubated with beads that were coated 
with human TRX-EC2 (10 kg/ml), and HCV bindingwas assessed as described in (C). Results similar to 
that of serum from chimp 559 were obtained with sera from three other chimpanzees (numbers 357, 
534, and 653) that were vaccinated and protected (6, 16). 

on B cells it associates with CD21 and CD19 
(19), folming a complex that, when appropri-
ately engaged, can lower B cell activation 
threshold (20). EBV and HCV target this com-
plex by binding CD21 (21) and CD81, respec-
tively. The B cell activation capacity of EBV is 
well known, and we have evidence that the 
HCV elwelope protein E2 delivers a costimu-
latory signal to B cells (22).It may well be that 
the binding of HCV to CD81on B lymphocytes 
in vivo lowers the activation threshold of these 
cells: thus facilitating the production of autoan-
tibodies that are the hallmark of HCV-associat-
ed cryoglobulinenlia (4). 

Identification of the interaction between 
CD81 and HCV could help to elucidate the 
pathogenesis of HCV-associated diseases: 
obtain a small animal model of infection: and 
develop new therapeutic strategies directed at 
interfering with virus binding. 
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Adhesion by Sulfation 
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Regulation of cell adhesion is important for immune system function. CD44 is 
a tightly regulated cell adhesion molecule present on leukocytes and implicated 
in their attachment to  endothelium during an inflammatory immune response. 
The proinflammatory cytokine tumor necrosis factor-a, but not interferon-?, 
was found to convert CD44 from its inactive, nonbinding form to its active form 
by inducing the sulfation of CD44. This posttranslational modification was 
required for CD44-mediated binding to the extracellular matrix component 
hyaluronan and to vascular endothelial cells. Sulfation is thus a potential means 
of regulating CD44-mediated leukocyte adhesion at inflammatory sites. 

During an imnmune response, activated leuko- CD44-mediated interaction has been implicated 
cytes leave the circulatioil and enter the tissues. in the rolling and extravasation of lymphocytes 
Leukocyte migration and extravasation is a at inflainmato~y sites (2). CD44 is normally 
multistep process involving the rolling and ad- present on leukocytes in an inactive state that 
hesion of leukocytes to the endothelium and cannot bind hyaluronan but can be converted to 
their subsequeilt diapedesis to the inflanmatoiy an active state upon appropriate stinlulation, 
site (1).Activated T cells can bind the extracel- such as activation by antigen or cytolunes (3, 
lulx inahix conlponent hyaluronan, and this 4) .  However, the inolecular mechanism for this 

conversion is uoorlv uulderstood. The biildinn 
ability of ~  ~ i 4has'been shown to be affectei A. Mai t i  and P. Johnson, Department o f  Microbiology 

and immunology,  University o f  British Columbia, 300- by three types of posmanslational modification: 
6 1 7 4  University Boulevard, Vancouver, B.C. V6T 123, N- and 0-linked glycosylatioil and glycosa~ni- 
Canada. G.  Maki, Terry Fox Laboratories, 601  West noglycan addition (4, 5 ) . Here, we show that 
10th Avenue, Vancouver, B.C. V5Z 1L3, Canada. sulfation is an additioilal posmanslational 
*Present address: Section o f  Bone Marrow Transplan- mechallisin that can convert inactive CD44 to 
tat ion,  Rush Presbyterian-St. Luke's Medical Center, its active, adhesive form and that this mecha- 
Chicago, iL 60612, USA. 
+To w h o m  correspondence should be addressed. E- nism is indu~ced by the proi11flammatoq7 cyto- 
mail: pauline@unixg.ubc.ca kine tumor necrosis factor- ( m - a ) .  
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Fig. 1. Expression of CD44 and ICAM-1 and FL-hyaluronan binding ability on untreated, TNF-a-
treated, or IFN-y-treated SR91 cells by flow cytometry. Cells were preincubated with the CD44 
mAb IM7.8.1, or with unlabeled hyaluronan, to block binding. Unlabeled SR91 cells were the 
negative control 
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