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Hepatitis C virus (HCV) is the leading cause of chronic liver disease worldwide. HCV is also the major cause
of mixed cryoglobulinemia, a B-lymphocyte proliferative disorder. Direct experimentation with native viral
proteins is not feasible. Truncated versions of recombinant E2 envelope proteins, used as surrogates for viral
particles, were shown to bind specifically to human CD81. However, truncated E2 may not fully mimic the
surface of HCV virions because the virus encodes two envelope glycoproteins that associate with each other as
E1E2 heterodimers. Here we show that E1E2 complexes efficiently bind to CD81 whereas truncated E2 is a
weak binder, suggesting that truncated E2 is probably not the best tool with which to study cellular interac-
tions. To gain better insight into virus-cell interactions, we developed a method by which to isolate E1E2
complexes that are properly folded. We demonstrate that purified E1E2 heterodimers bind to cells in a
CD81-dependent manner. Furthermore, engagement of B cells by purified E1E2 heterodimers results in their
aggregation and in protein tyrosine phosphorylation, a hallmark of B-cell activation. These studies provide a
possible clue to the etiology of HCV-associated B-cell lymphoproliferative diseases. They also delineate a
method by which to isolate biologically functional E1E2 complexes for the study of virus-host cell interaction
in other cell types.

Hepatitis C virus (HCV) infection is a major health problem
affecting an estimated 160 million people worldwide (36). It is
a major cause of chronic hepatitis, liver cirrhosis, hepatocellu-
lar carcinoma (53), and mixed cryoglobulinemia, a B-lympho-
cyte proliferative disorder (reviewed in references 6 and 49).
HCV is a small enveloped virus that belongs to the Hepacivirus
genus in the Flaviviridae family (33). Its genome encodes a
single �3,000-amino-acid polyprotein that is co- and posttrans-
lationally processed by viral and cellular proteases to yield the
mature structural and nonstructural proteins (33, 37). The
structural proteins—the core protein and envelope glycopro-
teins E1 and E2—are believed to be the major constituents of
HCV particles. The E1 and E2 envelope proteins are N gly-
cosylated in their large N-terminal ectodomains and are an-
chored into membranes by their hydrophobic C-terminal trans-
membrane domains (TMDs) (39). These domains have been
shown to be endoplasmic reticulum (ER) retention signals (10,
12, 20, 23). E1 and E2 associate to form two types of com-
plexes: properly folded E1E2 heterodimers stabilized by non-
covalent interactions and misfolded disulfide-linked aggregates
(for a review, see reference 39).

The E1E2 noncovalent heterodimer, comprising the viral
envelope (reviewed in reference 39), is involved in viral entry
(3, 30); however, the mechanism of HCV cell entry is not clear.
Several putative cell surface receptors of HCV or recombinant
E2 proteins have been identified (1, 25, 34, 45, 46, 50, 51).
Among these receptors, human CD81 has been repeatedly
shown to interact with recombinant soluble E2, the E1E2 com-
plex, HCV-like particles, and HCV particles from infectious
plasma (3, 8, 17, 22, 27, 30, 31, 35, 42, 45, 48, 55, 59).

CD81 is a member of the tetraspanin family, which contains
four TMDs, short intracellular domains, and two extracellular
loops designated the small extracellular loop and the large
extracellular loop (LEL). CD81 is widely expressed and is
associated with other membrane proteins that vary in different
cell lineages (32). The CD81 binding site for E2 has been
localized within the LEL (45), and specific LEL amino acid
residues essential for this interaction have been identified (17,
29). By contrast, the E2 regions involved in CD81 interaction
are not well defined. The E2 glycoprotein is one of the most
variable HCV proteins and is characterized by hypervariable
region 1 (HVR1) and HVR2. Previous reports have shown that
HVR2 and/or adjacent residues are involved in the interaction
with CD81 (22, 48, 60). In contrast, E2 lacking or containing
HVR1 binds equally well to CD81 (24, 43). A more recent
study demonstrated that a region comprising residues 613 to
618 is essential for binding to CD81 and that a complex inter-
play between HVR1 and HVR2 may modulate E2-CD81 in-
teractions (48).

The exact mechanisms whereby HCV establishes and main-
tains its persistence, which, in turn, leads to liver damage and
immune modulation, are not well understood. Nevertheless, it
has been shown that CD81 engagement by a truncated form of
E2 (E2661) provides a costimulatory signal for human T cells
(57) and an inhibitory effect on natural killer functions (14, 56).

Because of the lack of a suitable cell culture system for
propagation of HCV in vitro and the unavailability of virions in
sufficient quantities, truncated, secreted versions of E2 have
been used as surrogates for native virus particles. Indeed, the
identification of CD81 as a putative cellular receptor for HCV
is based on its binding to E2661 (45). Intriguingly, intracellular
forms of truncated E2, enriched for the presence of mono-
meric, nonaggregated E2, were found to bind CD81 with
greater affinity than the secreted forms (21, 28), suggesting that
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structural differences exist between the intracellular and se-
creted forms of the E2 glycoprotein. Indeed, several monoclo-
nal antibodies (MAbs) that recognize conformation-depen-
dent epitopes within E2 have provided insight into the
conformational state of the HCV envelope glycoproteins (5, 9,
12, 15, 16, 26, 27, 38, 43). Studies with these MAbs have
demonstrated structural differences between truncated forms
of E2 and full-length E1E2 complexes. Most recently, we iden-
tified a human MAb (CBH-2) that recognizes E2 only when
complexed with E1. This suggests that the presence of E1 may
influence the folding of E2 and that structural differences exist
between E1E2 heterodimers and E2 expressed in the absence
of E1 (13).

CD81-LEL binds weakly to truncated E2. Most studies of
E2-cell interactions have used truncated, secreted versions of
the recombinant E2 glycoprotein, possibly because of the rel-
ative ease of production. However, it is likely that such trun-
cated versions do not fully mimic the corresponding glycopro-
tein structures on HCV virions. To explore whether folding of
the HCV envelope glycoprotein could influence their function,
we tested various forms of these recombinant glycoproteins for
the ability to bind the putative HCV receptor, CD81. Human
embryonic kidney 293T cells cultured in Dulbecco modified
Eagle medium–10% fetal calf serum (FCS) were transiently
transfected (with the GenePORTER 2 transfection reagent
[Gene Therapy Systems, Inc., San Diego, Calif.]) with 20 �g of
plasmids encoding the following forms of HCV glycoproteins
from genotype 1a, strain H: full-length E1 (E1; amino acids
171 to 383), truncated E2 (E2661; amino acids 364 to 661),
full-length E2 (E2; amino acids 364 to 746), E1 and E2 (E1E2;
amino acids 171 to 746), and E1E2p7NS2 (amino acids 171 to
1026). Intracellular glycoproteins were analyzed in a glutathi-
one S-transferase pulldown assay as described previously (13).
Expression of E2 (Fig. 1A, lane 3) or coexpression of E1 and
E2 (Fig. 1A, lanes 4 and 5) resulted in efficient binding of E2
by the CD81-LEL fusion protein, i.e., 41 and 54%, respectively
(Fig. 1B). In contrast, binding of truncated E2 (E2661) was
inefficient at 3.6% (Fig. 1A, lane 2, and B). This result suggests
that intracellular E2661, which was previously shown to be
superior to its secreted form (21, 28), is probably not the best
tool with which to study HCV binding to CD81. As expected,
coexpression of E1 and E2 resulted in efficient precipitation of
E1 by CD81-LEL (Fig. 1A, lanes 4 and 5, bottom), whereas E1
expressed alone did not bind CD81 (lane 1). It should be noted
that similar amounts of E1 were present in the E1 and
E1E2p7NS2 lysates (Fig. 1A, lanes 7 and 11, bottom). Because
the E1 and E2 proteins form complexes (16) and because
coexpression of E1 with E2 was most efficient in binding to
CD81 (Fig. 1B), the E1E2 glycoprotein heterodimer is a more
appropriate tool with which to study HCV attachment.

It has previously been shown that folding and glycosylation
of E1 are helped by the presence of E2 downstream of E1 on
the polyprotein (18, 38, 44). Insertion of alanine substitutions
within the TMDs of E1 and E2 disrupted E1E2 heterodimer
formation and decreased the amount of properly folded E1
(40). These results indicate that E2 possesses a chaperone-like
function to facilitate proper folding of E1 (for a review, see
reference 39). In contrast to E1, E2 expressed in the absence of
E1 was shown to fold properly (38). However, coexpression of
E1 either in cis or in trans was required for stable association

of E2 with the ER membrane, suggesting that interaction be-
tween the hydrophobic TMDs of these proteins is required for
efficient ER membrane insertion and complex formation (11).
Recently, we have shown that a conformation-dependent hu-
man MAb, CBH-2, recognizes E2 only when it is coexpressed
with E1 (13). Together, these data suggest that the presence of
E1 may also influence the folding of E2 and therefore modu-
late receptor binding by E2. This is confirmed by the observa-
tion that pseudoparticles containing unmodified HCV enve-
lope glycoproteins require both E1 and E2 for infectivity (3,
30).

Purification and characterization of HCV envelope E1E2
heterodimers. Several reports have implicated HVR1 as hav-
ing a role in eliciting neutralizing antibodies and as a region
essential for E2 interaction with SR-BI (51) and with ASGP-R
(50). In contrast, HVR1 was shown to negatively regulate bind-
ing to CD81 (48, 51). We used this property to design a con-

FIG. 1. Interaction of soluble CD81 with different forms of HCV
glycoproteins. (A) Human embryonic kidney 293T cells transfected
with a plasmid encoding E1 (lane 1), truncated E2661 (lane 2), E2 (lane
3), E1E2 (lane 4), or E1E2p7NS2 (lane 5) or with an empty vector
(lane 6) were lysed at 72 h posttransfection. Cleared lysates (5 � 106

cell equivalents) were precipitated with a recombinant fusion protein
containing the LEL of human CD81 fused to glutathione S-transferase
(CD81-LEL) preadsorbed onto glutathione-Sepharose 4B beads. Pre-
cipitations (lanes 1 to 6) and lysates (lanes 7 to 12; 3 � 105 cell
equivalents) were separated by SDS–10% PAGE under reducing con-
ditions, and immunoblots were analyzed with anti-E2 MAb 3/11 (top).
The blots were then stripped and reprobed with the anti-E1 MAb, A4
(bottom) as previously described (13). (B) To compare the binding of
various forms of E2 to CD81, the intensities of monomeric E2 were
measured with ImageQuant 3.3 (Molecular Dynamics). The percent-
age of E2 binding to CD81 was calculated as follows: [(E2 precipitated
by CD81-LEL)/(total E2 in cell lysate)] � 100.
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struct (pShuttle/E1FLAGE2) expressing E1 and E2 proteins
(genotype 1a) in which HVR1 was exchanged with a FLAG
epitope (DYKDDDDK). COS-7 cells were transiently trans-
fected with 10 �g of pShuttle/E1FLAGE2 or pShuttle/E1E2
(expressing the parental E1E2 proteins; amino acids 171 to
746) by using the GenePORTER 2 transfection reagent. After
48 h, cells were lysed in 50 mM Tris–150 mM NaCl, pH 7.4
(TBS)–1% Triton X-100–20 mM iodoacetamide–protease
inhibitors.

To determine whether the interaction between E1 and E2 is
preserved in the context of the FLAG epitope, we immuno-
precipitated E1FLAGE2 proteins with different MAbs and com-
pared the reactivity of E1FLAGE2 to that of the parental E1E2
proteins (Fig. 2). For this purpose, MAbs were preadsorbed
onto protein A-Sepharose CL-4B beads (Sigma, St. Louis,
Mo.) (human MAb 111 [Z. Y. Keck, S. Rajyaguru, J. Rowe, S.
Perkins, and S. K. H. Foung, 9th Int. Meet. HCV Relat. Virus,
abstr. P-209, 2002], kindly provided by S. K. H. Foung) or onto
rabbit anti-mouse–protein A beads (mouse MAbs H53 [12, 16]
and A4 [19] and a mouse control) overnight at 4°C and washed
twice in phosphate-buffered saline (PBS) containing 0.2% Tri-
ton X-100 (Sigma). Agarose-immobilized MAbs were incu-
bated from 2 h to overnight at 4°C with clarified cell lysates.
Immunoprecipitations and aliquots of lysate were analyzed by
sodium dodecyl sulfate (SDS)–10% polyacrylamide gel elec-
trophoresis (PAGE) under reducing and nonreducing condi-
tions and immunoblotted with anti-E2 MAb 3/11 (Fig. 2) or
anti-E1 MAb A4 (data not shown). Anti-E1 MAbs A4 and 111
coimmunoprecipitated E2 proteins comparably from cell ly-
sates expressing E1FLAGE2 or E1E2 (Fig. 2, lanes 3 and 4 and
lanes 8 and 9), suggesting that the FLAG epitope did not alter
E1E2 complex formation. Conversely, coimmunoprecipitation
of E1 by anti-E2 MAb H53 was also comparable in E1E2 and
E1FLAGE2 lysates (data not shown). It is worth noting that E2
in the context of E1FLAGE2 or native E1E2 was recognized
equally well by conformation-sensitive anti-E2 MAbs H53

(Fig. 2, lanes 2 and 7) and CBH-2 (data not shown) under
reducing or nonreducing conditions. Because these MAbs rec-
ognize properly folded E1E2 heterodimers (12, 13, 16),
E1FLAGE2 complexes are likely to represent a native form.

E1FLAGE2 complexes were then purified with an anti-FLAG
affinity column. For this purpose, COS-7 cells were transiently
transfected with pShuttle/E1FLAGE2, washed three times with
ice-cold PBS, and lysed in TBS–1% Triton X-100–10 mM
CaCl2–20 mM iodoacetamide–protease inhibitors. Clarified
cell lysates were preadsorbed onto a protein A agarose column
(Sigma) and then applied to a calcium-dependent anti-FLAG
M1 affinity column (Sigma). The column was successively
washed with 20 column volumes of lysis buffer and 20 column
volumes of TBS–0.5% Triton X-100–10 mM CaCl2. E1FLAGE2
heterodimers were eluted with TBS–0.5% Triton X-100 con-
taining 2 mM EDTA. Purified HCV heterodimers were then
dialyzed against PBS overnight at 4°C and concentrated 30
times with a filter device (Centricon YM-3; Millipore, Bedford,
Mass.). Purified proteins were loaded into three adjacent
lanes, separated by 10% PAGE, and analyzed by silver staining
(GelCode SilverSNAP; Pierce, Rockford, Ill.) or by Western
blotting with MAb 3/11 or A4.

Silver staining showed bands corresponding to the sizes of
E1 and E2 (Fig. 3A, lane 1, asterisks). The identities of these
proteins were confirmed by simultaneous Western blotting
with anti-E2 (Fig. 3A, lane 2) and anti-E1 (Fig. 3A, lane 3)
MAbs. The Western blot analysis (Fig. 3A, lanes 2 and 3)
suggests that the additional band with an apparent molecular
mass of �45 kDa (Fig. 3A, lane 1, indicated by an arrow) is not
related to glycoproteins E1 and E2. Purified E1FLAGE2 was
further analyzed by immunoprecipitation with MAbs to E1 and
E2. Conformation-sensitive anti-E2 MAb H53 immunoprecipi-
tated E2 and coimmunoprecipitated E1 (Fig. 3B, top and bot-

FIG. 2. FLAG epitope does not alter folding and E1E2 complex
formation. COS-7 cells transfected with a plasmid encoding E1FLAGE2
or E1E2 were lysed 48 h posttransfection. Clarified lysates (1.25 � 106

cell equivalents) were immunoprecipitated (IP) with mouse conforma-
tion-dependent anti-E2 MAb H53, mouse anti-E1 MAb A4, or human
anti-E1 MAb 111. Irrelevant mouse immunoglobulins (mouse control
[mCont]) were used as a negative control. Bound proteins and lysates
(105 cell equivalents) were run under reducing and nonreducing con-
ditions and analyzed by Western blotting with anti-E2 MAb 3/11.

FIG. 3. Characterization of purified E1FLAGE2 complexes. (A) Pu-
rified glycoproteins were separated by SDS-PAGE under reducing
conditions. The same gel was analyzed by silver staining (lane 1) or by
Western blotting (WB) with anti-E2 MAb 3/11 (lane 2) or anti-E1
MAb A4 (lane 3). Sizes (in kilodaltons) of protein molecular mass
markers are indicated on the left. The E1 and E2 proteins are indi-
cated by asterisks, and the copurified protein is indicated by an arrow-
head. (B) Purified E1FLAGE2 proteins were immunoprecipitated (IP)
with mouse conformation-sensitive anti-E2 MAb H53 or mouse linear
anti-E1 MAb A4, followed by reducing SDS-PAGE and Western blot-
ting with MAb 3/11 (top) or A4 (bottom).
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tom, respectively). Similarly, anti-E1 MAb A4 immunoprecipi-
tated E1 and coimmunoprecipitated E2 (Fig. 3B, bottom and
top, respectively). This analysis indicates that E1 and E2 re-
mained associated after purification. The purified E1FLAGE2
complex was also recognized by CBH-2, a human MAb that
recognizes only native E1E2 heterodimers (13) (data not
shown). As expected, analysis under nonreducing conditions
also revealed the presence of disulfide-linked E1 and E2 ag-
gregates in the FLAG immunoaffinity-purified proteins (data
not shown). Taken together, the results demonstrate that the
FLAG epitope approach permits easy and efficient isolation of
HCV E1E2 complexes.

Recently, two groups have successfully generated pseu-
doparticles that are assembled by displaying unmodified and
functional HCV glycoproteins onto retrovirus and lentivirus
core particles (3, 30). These pseudoparticles are infectious for
some human hepatoma cell lines, and infectivity depends on
coexpression of both glycoproteins E1 and E2 (3, 30). Future

experiments will determine the ability of purified E1FLAGE2
complexes to neutralize pseudotype virus infection.

Isolated E1FLAGE2 heterodimers bind to cells in a CD81-
dependent manner. MAbs to CD81 have been shown to induce
cell-cell aggregation and an antiproliferative effect in B-cell
lines (54). Similarly, ligation of CD81 by glycoprotein E2661

was shown to induce B-cell aggregation and inhibit cell prolif-
eration (22). Studies done with other lymphoid cells showed
that CD81 engagement by truncated E2 provides a costimula-
tory signal for human T cells, whereas it inhibits natural killer
functions (14, 56, 57).

To determine whether purified E1FLAGE2 specifically inter-
acts with cell surface-expressed CD81, we used the U937 cell
line, which does not express CD81 (Fig. 4A), and engineered
U937 cells expressing CD81. U937 cells were transfected with
the mouse ecotropic viral receptor as detailed previously (2),
and a single-cell clone was isolated for subsequent infection by
retroviral vectors. Human CD81 was amplified with the FOR

FIG. 4. E1FLAGE2 binding is dependent on cell surface-expressed CD81 and induces cell-cell aggregation. (A) Flow cytometry analysis of
binding of anti-CD81 MAb 5A6 (shaded curve) or a mouse IgG1 isotype control (dashed curved) to U937 cells expressing GFP (left side) or
CD81-GFP (right side). (B) U937-CD81 (top) or U937-GFP (bottom) cells (1.5 � 105 cells/well) were incubated at 37°C with magnetic beads (10:1
ratio) precoated with H53-captured E1FLAGE2 (C and F), anti-CD81 MAb 5A6 (A and D), or anti-E2 MAb H53 (B and E). Photographs were
taken after incubation for 8 h (magnification, �100). The arrow in the right bottom of part C points to a cell. The arrow in the left top of part
C points to one of the magnetic beads (4.5-�m diameter) used for immobilization of the antibodies and proteins.
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primer GGTATGAATTCGCCGCCATGGGAGTGGAGGG
and the REV primer GGTACTCGAGCTCAGTACACGGA
GCTGTTC (italicized are the EcoRI and XhoI sites, and un-
derlined are the start and stop codons). The amplified CD81
DNA was digested with EcoRI and XhoI and inserted into the
respective sites in the multicloning region of the retroviral
vector pBMN-IRES-GFP. This retroviral vector encodes an
IRES downstream of the multicloning region, followed by the
green fluorescent protein (GFP), and was kindly provided by
G. Nolan, Stanford University. Production of high-titer eco-
tropic retrovirus in �NX-Eco cells and infection with a retro-
virus encoding GFP alone or CD81 and GFP was performed
as detailed at http://www.stanford.edu/group/nolan/retroviral
_systems/phx.html. Isolated U937 subclones that constitutively
express CD81 (U937-CD81) or GFP (U937-GFP) were tested
by flow cytometry of cells washed twice with PBS–2% BSA and
incubated with an anti-CD81 MAb (5A6) (41) or an immuno-
globulin G1 (IgG1) isotype control. After two washes with
PBS–2% BSA, cells were incubated with phycoerythrin-conju-
gated anti-mouse IgG1 (Becton Dickinson, San Jose, Calif.).
Flow cytometry data were acquired with a Becton Dickinson
FACScalibur. U937-GFP cells, like the parental uninfected
cells, do not express CD81 (Fig. 4A, left side), whereas U937-
CD81 cells express CD81 on their surface (Fig. 4A, right side).
These cell lines were used to determine if the binding of
E1FLAGE2 is CD81 dependent.

We have previously shown that anti-CD81 MAbs induce cell
aggregation (54). To test whether E1FLAGE2 could have a
similar effect, we used an additional step to isolate and sepa-
rate the noncovalently linked heterodimers from the disulfide-
linked E1E2 aggregates. This was done by immunoaffinity on
conformation-sensitive MAb H53. Magnetic beads precoated
with goat anti-mouse IgG (Dynabeads; Dynal, Lake Success,
N.Y.) were washed in accordance with the manufacturer’s in-
structions and incubated with 10 �g of purified anti-CD81
MAb 5A6 or anti-E2 MAb H53 for 1 h at room temperature.
Following incubation, the beads were washed twice in PBS
supplemented with 0.1% bovine serum albumin (PBS-BSA) by
exposure to a hand-held magnet. H53 beads were then incu-
bated or not overnight at 4°C with purified E1FLAGE2 and
washed twice in PBS-BSA supplemented with 0.1% Triton
X-100. Magnetic beads immobilized with 5A6, with H53, or
with E1FLAGE2 bound to H53 were resuspended in PBS-BSA
supplemented with 0.1% Triton X-100. Magnetic beads were
added to U937 cell lines suspended in 96-well flat-bottom
plates (1.5 � 105 cells/well, 10:1 bead-to-cell ratio), and cell
aggregation was observed after 8 h of incubation.

Purified E1FLAGE2 heterodimers, isolated this way, induced
aggregation of U937-CD81 cells but not of U937-GFP cells
(Fig. 4 B, right side). As expected, immobilized anti-CD81
MAb induced U937-CD81, but not U937-GFP, cell aggrega-
tion (Fig. 4B, left side). Neither cell reacted to beads immobi-
lized with H53 alone (Fig. 4B, middle). These experiments
indicate that binding of E1FLAGE2 heterodimers is CD81 de-
pendent and leads to cell aggregation. Unlike U937 cells,
which are among the few human cell lines that do not express
CD81, human B-cell lines express this molecule. Immobilized
E1FLAGE2 heterodimers induced the aggregation of all of the
B-cell lines tested (data not shown). Taken together, these data

demonstrate that E1FLAGE2 complexes are biologically func-
tional and induce a biological effect upon binding to cells.

Because engagement of B cells by the anti-CD81 MAb was
previously shown to induce an increase in protein tyrosine
phosphorylation (52), we next questioned whether E1FLAGE2
can induce a similar effect. For this purpose, OCI-LY8 cells
were washed and resuspended in RPMI medium–1% FCS
(RPMI-FCS). Magnetic beads coated with 5A6, H53, or H53-
E1FLAGE2 were prepared as described above, washed, and
resuspended in RPMI-FCS. Samples of 4 � 106 OCI-LY8 cells
were preincubated with beads for 15 min at 4°C. Rosetted cells
were then washed and resuspended in 0.4 ml of RPMI-FCS.
Samples of 0.1 ml were incubated for the indicated times at
37°C. The cells were lysed in 0.1 ml of lysis buffer (PBS [pH
7.4], 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, phospha-
tase inhibitor cocktail [Sigma], protease inhibitor cocktail) for
30 min on ice. Clarified cell lysates were then loaded onto 10%
acrylamide gel, and tyrosine phosphoproteins were analyzed by
Western blotting for the presence of tyrosine-phosphorylated
proteins with an antiphosphotyrosine antibody (4G10; Upstate
Biotechnology, Lake Placid, N.Y.).

Incubation of OCI-LY8 cells with E1FLAGE2 or with anti-
CD81 MAb 5A6 induced a similar increase in the level of
protein tyrosine phosphorylation similar to that in control cells
(Fig. 5). The increase in tyrosine phosphorylation of several
protein bands was seen after as little as 1 min of incubation
(Fig. 5, lanes 2 and 6). Maximal tyrosine phosphorylation was
seen after 15 min of exposure of the cells to the beads-
E1FLAGE2 or beads-5A6 (lanes 4 and 8).

Taken together, our results show that engagement of B cells
by E1FLAGE2 heterodimers induces cell aggregation and an
increase in protein tyrosine phosphorylation, a hallmark of
B-cell activation, suggesting that the interaction of B cells with
HCV may lead to their activation.

FIG. 5. Engagement of B cells by E1FLAGE2 complexes induces
protein tyrosine phosphorylation. Human OCI-LY8 B cells were ex-
posed to magnetic beads precoated with H53-captured E1FLAGE2
(middle), anti-CD81 MAb 5A6 (left side), or anti-E2 MAb H53 (con-
trol, right side) for the indicated times (minutes) at 37°C. The cells
were lysed, and proteins containing phosphotyrosines were revealed by
Western blotting with a mouse antiphosphotyrosine horseradish per-
oxidase-conjugated antibody 4G10. The values on the right are molec-
ular sizes in kilodaltons.
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HCV infection is associated with B-cell lymphoproliferative
disorders (reviewed in reference 58) and is the major cause for
mixed cryoglobulinemia (MC), a disorder characterized by se-
rum immunoglobulin complexes that precipitate in the cold. It
is therefore of note that in B cells, CD81 is a component of a
multimeric protein complex, which includes the signaling mol-
ecule CD19, complement receptor 2 (CD21), and the interfer-
on-inducible Leu-13 (CD225) protein (4). Coengagement of
this CD19-CD21-CD81 complex together with the B-cell anti-
gen receptor reduces the threshold of B-cell activation (7).
Binding of HCV to CD81 and at the same time to a specific
B-cell receptor could similarly reduce their activation thresh-
old. Indeed, we have previously shown that the B-cell receptor
expressed by a B-cell lymphoma of an HCV-infected patient
had specificity for the E2 glycoprotein (47). Such dual binding
by HCV to B-cell signaling complexes would lower their acti-
vation threshold, which in turn may promote cell proliferation,
resulting in B-lymphocyte proliferative disorders (58). Other
lymphoid cells could also be activated by the virus; thus, bind-
ing of CD81 on human T cells by anti-CD81 MAbs or by the
truncated E2 glycoprotein provided a costimulatory signal to
the engagement of CD3 (57). This binding led to a sustained
increase in interleukin-2 production and enhanced gamma in-
terferon production (57). Although HCV affects the immune
system, the liver is the organ most damaged by the virus.
Future studies may benefit from the use of functional E1E2
heterodimers for the study of virus-hepatocyte interactions.
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