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We have previously shown that erythroleukemia cells (K562) transfected with vascular adhesion molecule 1
(VCAM-1) are susceptible to human T-cell leukemia virus type 1 (HTLV-1)-induced syncytium formation.
Since expression of VCAM-1 alone is not sufficient to render cells susceptible to HTLV-1 fusion, K562 cells
appear to express a second molecule critical for HTLV-induced syncytium formation. By immunizing mice with
K562 cells, we have isolated four monoclonal antibodies (MAbs), K5.M1, K5.M2, K5.M3, and K5.M4, that
inhibit HTLV-induced syncytium formation between infected MT2 cells and susceptible K562/VCAM1 cells.
These MAbs recognize distinct proteins on the surface of cells as determined by cell phenotyping, immuno-
precipitation, and Western blot analysis. Since three of the proteins recognized by the MAbs appear to be GP1
linked, we isolated lipid rafts and determined by immunoblot analysis that all four MAbs recognize proteins
that sort entirely or in large part to lipid rafts. Dispersion of lipid rafts on the cells by cholesterol depletion
with 3-cyclodextrin resulted in inhibition of syncytium formation, and this effect was not seen when the
B-cyclodextrin was preloaded with cholesterol before treating the cells. The results of these studies suggest that

lipid rafts may play an important role in HTLV-1 syncytium formation.

Human T-cell leukemia virus type 1 (HTLV-1) is the caus-
ative agent of adult T-cell leukemia and tropical spastic para-
paresis/HTLV-associated myelopathy (4, 45). Infection is
spread mainly through direct contact between infected and
uninfected cells, and infection by cell-free HTLV-1 is very
inefficient (30). The envelope glycoprotein of HTLV-1 consists
of the surface protein gp46 and the transmembrane protein
gp21. Like the envelope glycoprotein gp120 of human immu-
nodeficiency virus (HIV), gp46 is thought to be the virus’s
attachment protein (31, 47). The receptor(s) for this retrovirus
has not yet been identified definitively but is theorized to be
widely expressed, since many cell lines from various human
and nonhuman sources, including mouse, rat, monkey, and
dog, are susceptible to infection (44). Interestingly, despite the
wide tropism of HTLV-1 in vitro, the virus shows a tropism for
T cells in vivo (47). Despite the failure thus far to identify one
protein as the receptor for this virus, various proteins have
been reported to be implicated in syncytium formation by the
virus, including vascular adhesion molecule 1 (VCAM-1) (23),
heat shock cognate protein 70 (37), membrane glycoprotein
C33 (11), CD2 (9, 12), HLA A2 (7), and interleukin-2 receptor
(27). In a previous report, we showed that monoclonal anti-
bodies (MAbs) to proteins highly expressed on the surface of
HTLV-1-infected cells, such as major histocompatibility com-
plex class II (MHC-2), could inhibit HTLV-1-induced syncy-
tium formation while leaving HIV-1-induced syncytium forma-
tion unchanged (19). This suggested that the receptor that
engages gp46 is, like gp46 itself, small and compact in relation
to the proteins that surround it and thus cannot easily pene-
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trate MAbs bound to proteins surrounding gp46. The gene
encoding the receptor for HTLV-1 has been mapped to the
long arm of chromosome 17 in studies employing mouse-hu-
man hybridomas (13, 43).

In previous studies we demonstrated that transfection of the
erythroleukemia cell line K562 with the adhesion molecule
VCAM-1 conferred sensitivity to HTLV-1-induced syncytium
formation (23). Since VCAM-1 does not appear to directly
bind gp46, our results suggest that K562 cells express a second
molecule needed for HTLV-1 infection. In an attempt to iden-
tify this molecule, we have generated a panel of MADbs against
K562 and screened them for inhibition of HTLV-1 syncytium
formation. We have identified four MAbs that inhibit syncy-
tium formation between the chronically infected MT?2 cell line
and K562 cells transfected with VCAM-1.

Characterization of these new MADbs showed that they do
not recognize VCAM-1 but are specific for four distinct pro-
teins expressed at various levels on many cell types. Further
characterization showed that all four antibodies recognize pro-
teins that are found mainly, if not solely, in specialized mem-
brane domains known as lipid rafts. Lipid rafts are distinct
regions of the membrane that are rich in sphingolipids and
cholesterol. They are sites enriched in the expression of many
glycosyl-phosphatidylinositol (GPI)-anchored proteins, as well
as src family kinases, protein kinase C, heterotrimeric G pro-
teins, actin and actin binding proteins, and caveolin (1, 6, 8,
41). Lipids in lipid rafts are much more tightly packed, and as
a result, these domains are in a more ordered state compared
to the surrounding membrane resulting in resistance to non-
ionic detergent treatment at low temperature (40).

We treated K562/VCAMI and MT2 cells with B-cyclodex-
trin, which extracts cholesterol from the plasma membrane
(26) and thereby partially disperses lipid rafts (25), and found
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that syncytium formation no longer occurred, implying that
HTLV-1-induced cell fusion requires intact lipid rafts. Our
results demonstrate for the first time that lipid rafts may play
an important role in HTLV-1 biology and further indicate that
the receptor for HTLV-1 or other molecules required for fu-
sion may be localized in these membrane microdomains.

MATERIALS AND METHODS

Cells. The K562, MT2, and MJG11 cell lines were obtained from the Amer-
ican Type Culture Collection (ATCC) (Manassas, Va.) and the National Insti-
tutes of Health (NIH) AIDS Research and Reference Reagent Program. The
LD and tLD™ cell lines were kindly provided by Robert Brodsky (Johns Hop-
kins University Oncology Department). CEM X 174 cells were obtained from
Janice Clements (Johns Hopkins University). All of the cell lines above were
maintained in cRPMI (RPMI-1640 supplemented with 10 mM HEPES, 2 mM
L-glutamine, and 10% fetal bovine serum). Construction of the pPCEP4VCAM-1
expression vector and establishment of the K562/VCAMI stable transfectant line
were described previously (23). HOS and HeLa cell lines were obtained from
ATCC and were maintained in Dulbecco modified Eagle medium supplemented
with 10% fetal bovine serum, 10 mM HEPES, and 2 mM L-glutamine. Peripheral
blood mononuclear cells were purified from buffy coats from healthy donors by
Ficoll-Hypaque density centrifugation exactly as previously described (15).

Antibodies. New MAbs against K562 cells were generated as previously de-
scribed (20, 21). Briefly, female BALB/c mice were injected intraperitoneally
(i.p.) three times, biweekly, with 107 K562 cells that had been washed three times
with phosphate-buffered saline (PBS). Two weeks after the last i.p. injection, the
mice were injected intravenously (i.v.) with 5 X 10° K562 cells. Four days after
the i.v. injection, spleens were removed and fusions were performed as previously
described (20, 22), using P3 X 653.Ag8 (ATCC) myeloma cells as fusion part-
ners. Hybridoma culture supernatants were screened for inhibition of syncytium
formation between MT2 and K562/VCAMI cells, as previously described (19).
Hybridomas from wells showing inhibition of fusion were subcloned by limiting
dilution on BALB/c splenocyte feeder cells (19). The antibodies selected for
further characterization were designated K5.M1, K5.M2, K5.M3, and K5.M4.
MAD K5.M1 was determined to be of the immunoglobulin G2a,kx (IgG2a,k)
isotype, and the others were determined to be of the IgG1,k isotype (MonoAb
ID kit; Zymed). MAD against HTLV-1 gp46 was purchased from Cellular Prod-
ucts (Buffalo, N.Y.), and those against CD59 and CD71 (transferrin receptor)
were purchased from PharMingen (San Diego, Calif.). Hybridoma VIII6G10
secreting MAD against VCAM-1 was obtained from ATCC. Fluorescein isothio-
cyanate (FITC)-conjugated rabbit anti-mouse (FITC-RAM) and horseradish
peroxidase-conjugated goat anti-mouse IgG (HRP-GAM IgG) were purchased
from Jackson Immunoresearch (Avondale, Pa.). Other MAbs used in this study
were produced in our laboratory as previously reported: MHM.5 (anti-MHC-1)
(20) and MT.M5 (anti-ICAM-1) (19). All antibodies were used in the form of
hybridoma culture supernatants (10 to 30 g of IgG/ml) or purified IgG in the
appropriate buffer or medium at a concentration of 20 pg/ml.

Syncytium formation assay. Syncytium formation assays were carried out as
previously reported (23). All cells were washed with PBS and resuspended in
phenol red-free cRPMI at a density of 2 X 10%ml. To test the MAbs’ ability to
inhibit syncytium formation, 50 ul of K562/VCAMI cells was added to duplicate
wells of a flat-bottom 96-well plate and mixed with cRPMI or MADb (20 ng of
IgG/ml or neat hybridoma culture supernatants). After incubation for 1 h at
room temperature, 50 wl of MT2 cells or, where indicated, MJG11 cells was
added. For all other syncytium formation assays, 50 wl of K562/VCAMI cells was
incubated with 100 wl of MT2 cells. The contents of the wells were mixed, and
the plates were incubated overnight at 37°C, 5% CO,. Syncytia were quantitated
by counting syncytia (more than three or four cell diameters) in several high-
power fields (HPF) (19, 23).

Flow cytometry. Flow cytometry analysis was performed as described previ-
ously (15). Cells were washed and resuspended at 2 X 10%ml in PBS containing
5% normal rabbit serum. One hundred microliters of cells was incubated with
100 pl of neat hybridoma supernatant or 10 pg of purified IgG/ml for 45 min on
ice. Cells were washed once with cold PBS and incubated with 100 wl of PBS-
normal rabbit serum containing 10 wg of Fc-specific FITC-RAM/ml. After 45
min on ice, cells were washed once in cold PBS and resuspended in 500 pl of 2%
paraformaldehyde in PBS. Flow cytometry analysis was carried out on an EPICS
Profile II analyzer.

PI-PLC treatment. CEM X 174 cells were washed once in PBS and resus-
pended to a density of 2 X 10%ml in complete medium containing 200 mU of
phosphatidylinositol-specific phospholipase C (PI-PLC) before incubating 1 h at
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room temperature (RT). Flow cytometry analysis was conducted as described
above.

Vectorial iodination and immunoprecipitation. Vectorial iodination of cells
and immunoprecipitations were performed as described previously (15, 20).
Aliquots of 5 X 107 cells were washed three times with PBS and resuspended in
0.5 ml of PBS. '2°T (Nal, 1 mCi; Amersham, Piscataway, N.J.) was added to the
cells in PBS, followed by the addition of 50 wl each of lactoperoxidase (1 U),
glucose oxidase (1 U), and 1% dextrose in PBS. After 15 min at RT, 25 wl of 1%
dextrose was added, followed by an additional 15 min at RT before the cells were
washed twice with 10 ml of PBS. The cell pellets were resuspended in 1 ml of 50
mM Tris (pH 7.5)-5 mM EDTA-150 mM NaCl (TEN) containing 1% NP-40
and protease inhibitor cocktail (2-pg/ml concentrations each of leupeptin, soy-
bean trypsin inhibitor, antipain, aprotinin, and chymostatin) and 1 mM phenyl-
methylsulfonyl fluoride. After a 45-min incubation on ice, the lysate was trans-
ferred to an Eppendorf tube and spun for 10 min at 4°C, 13,800 X g. The
supernatant was removed and further clarified by centrifugation at 100,000 X g
for 45 min. The supernatant was incubated with 20 pg of aggregated human IgG
2 h on ice before adding 100 pl of 10% formalin-fixed Staphylococcus aureus
Cowan strain cells and incubating 30 min on ice. After removing the S. aureus
Cowan strain cells by centrifugation, 100 wl of the supernatant was mixed with
100 pl of MAD (neat hybridoma culture supernatant or purified IgG at 20 pg/ml)
and incubated overnight at 4°C. Ten micrograms of rabbit anti-mouse Ig (Jack-
son Immunoresearch) was added followed by incubation for 1 h on ice before
adding 50 pl of S. aureus Cowan strain cells. After 20 min on ice, the samples
were washed twice with 2 M KCl in TEN-0.5% NP-40 and once with TEN-0.5%
NP-40. The pelleted S. aureus Cowan strain cells were resuspended in 2X sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) reducing or non-
reducing buffers and boiled for 3 to 4 min. After removing the S. aureus Cowan
strain cells by centrifugation, samples were analyzed by SDS-PAGE on 10%
bisacrylamide gels. Precipitated proteins were visualized by autoradiography.

Immunoblot assays. Immunoblot assays were performed as previously de-
scribed (32). Briefly, 5 X 107 cells were washed with PBS and resuspended in 500
wl of 50 mM Tris, pH 7.5, 25 mM KCI, 5 mM MgCl,, and 1 mM EDTA (TKM)
with 1% Triton X-100 (TKMT) containing protease inhibitor cocktail and were
incubated for 30 min on ice. Lysates were clarified by centrifugation for 10 min
at 4°C, 8,160 X g. For isolation of the lipid rafts, 500 .l of the clarified lysates was
mixed with 500 pl of 80% sucrose in TKM buffer. These samples were then
overlaid with 6 ml of 38% sucrose in TKM buffer, which was in turn overlaid with
4 ml of 5% sucrose in TKM buffer. The samples were centrifuged at 200,000 X
g for 18 h at 4°C. One-milliliter fractions were collected, diluted 1:10 with TKM,
and blotted onto nitrocellulose. The nitrocellulose membranes were blocked for
2 h with Blotto (5% milk powder in PBS and 0.05% Tween 20 [PBST]). The
primary antibodies (100 wl of neat hybridoma culture supernatant or 10 pg of
IgG/ml) in Blotto were incubated with the membranes for 1 h at RT. The
membranes were washed three times, 10 min each time, with PBST. The sec-
ondary antibody, HRP-GAM IgG, was diluted to 1:6,250 in Blotto and incubated
with the membranes for 1 h at RT. The membranes were then washed five times
as described above before visualizing bound antibodies with ECL reagent and
Hyperfilm ECL.

Western blotting. K562 cells were lysed in TKMT containing protease inhib-
itor cocktail for 1 h at 37°C. Protein samples (75 pg per lane) were run on a 4 to
20% acrylamide SDS-PAGE gradient gel (Bio-Rad, Hercules, Calif.) and trans-
ferred onto nitrocellulose. The nitrocellulose was blocked by a 1-h incubation in
Blotto. The individual lanes were cut and each was incubated in 0.5% milk
powder in PBST with the appropriate MAD for 1 h, followed by three 10-min
washes in PBST. The blots were then incubated for 1 h with GAM-HRP in 0.5%
milk powder, followed by five 10-min washes in PBST. The bound MAbs were
visualized with ECL reagent and Hyperfilm ECL.

B-Cyclodextrin treatment of cells. Cells were washed with PBS and resus-
pended at 2 X 10° cells/ml in ¢cRPMI containing 20 mM 2-hydroxylpropyl-B-
cyclodextrin (BCD) (CTD Technologies, Gainesville, Fla.) and incubated for 1 h
at 37°C. Cells were washed with PBS and resuspended at 2 X 10° cells/ml in
phenol red-free cRPMI and used in syncytium formation assays. Cell viability
was measured by trypan blue exclusion.

Cholesterol-preloaded BCD. BCD saturated with bound cholesterol was pre-
pared as follows. Thirty milligrams (77 wmol) of cholesterol was added to 5 ml
of 20 mM (100 pmol) BCD in cRPMI and vortexed. The mixture was incubated
for 30 min in a 37°C water bath and vortexed. The undissolved cholesterol was
removed by centrifugation and filtration of the supernatant through a 0.22-pm-
pore-size filter. Cells were treated with the cholesterol-preloaded BCD as de-
scribed above for control BCD.

BCD effects on VCAM-1 binding. K562/VCAMI cells were washed and pre-
treated with BCD or media as described above. Aliquots of 10° cells were
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FIG. 1. New MADbs against K562 cells block HTLV-1 syncytium formation. (A and B) MAbs produced against K562 cells (K5.M series) were
tested for inhibition of HTLV-1-induced syncytium formation between K562/VCAM cells and MT2 cells, as described in Materials and Methods.
Myeloma IgG2b and anti-VCAM-1 (VIII6G10) antibodies were used as negative and positive controls, respectively. (B) Data shown are mean
numbers of syncytia per HPF. Syncytia in six HPFs were counted. (C) MAbs were tested for inhibition of HTLV-1-induced syncytium formation

between K562/VCAM cells and MJG11 cells.

incubated with an equal number of Jurkat T cells for 1 h at 37°C. Conjugate
formation between the two cell types was assessed visually on an inverted mi-
croscope as previously described (23).

RESULTS

New MAbs inhibit HTLV-1 syncytium formation. The new
panel of MADs against K562 cells was tested for inhibition of
HTLV-1 syncytium formation as described in previous studies
(19). K562/VCAMLI cells form gross syncytia when cocultured
with chronically infected MT2 cells (Fig. 1A and B). When

K562/VCAML cells were preincubated with the new MAbs,
syncytia failed to form, whereas a control MAb, mouse my-
eloma IgG2b, had no effect. This experiment was repeated
several times with similar results. The MAbs also blocked fu-
sion between another HTLV-infected cell line, MJG11, and
K562/VCAMLI cells (Fig. 1C). The data indicated that the new
MAbs recognize structures that are potentially involved in
HTLV-1-induced cell-cell fusion.

Characterization of new MAbs. In order to begin character-
izing the structures recognized by the new MAbs, Western blot
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FIG. 2. Western blotting of K562 lysate with K5.M MAbs. K562
cells were lysed in TKMT at 37°C for 1 h. Clarified lysate was run on
a 4 to 20% gradient acrylamide SDS-PAGE gel under nonreducing
and reducing conditions and subjected to Western blot analysis as
described in Materials and Methods with the MAbs indicated.

studies were performed. To increase the solubility of all pro-
teins, K562 cells were lysed with Triton X-100 for 1 h (in the
presense of protease inhibitors) at 37°C instead of lysis at low
temperature. Western blot analysis of this lysate under nonre-
ducing conditions with the new MAbs showed proteins recog-
nized by all four of the MAbs (Fig. 2). MAb K5.M1 recognized
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proteins with approximate molecular masses of 48, 24, and 16
kDa. MAb K5.M2 recognized a protein with a mass of approx-
imately 76 kDa under nonreducing conditions. A protein with
a mass of approximately 210 kDa was recognized by MAb
K5.M3. MAb K5.M4 identified two proteins with molecular
masses of 79 and 48 kDa (Fig. 2, top). Under reducing condi-
tions, the pattern of protein bands recognized by the MAbs was
different (Fig. 2, bottom). MAb K5.M1 recognized only one
band, with a mass of approximately 15 kDa, while no bands
were identified by MAb K5.M2. The latter probably reflects
loss of a conformational epitope upon reduction of disulfide
bridges in the protein. MAb K5.M3 recognized a 100-kDa
protein under reducing conditions. Under reducing conditions,
K5.M4 recognized only one band, with a molecular mass of
approximately 51 kDa. There was a band in the negative con-
trol (no primary antibody) lane under both reducing and non-
reducing conditions; however, it did not appear to correspond
to any of the bands recognized by the MAbs. The Western blot
analysis indicated that the four new MAbs that block HTLV-1
syncytium formation recognize four distinct proteins.

Immunoprecipitation studies were also performed using
these MAbs. K562 cells were vectorially labeled with '*1,
lysed, and subjected to immunoprecipitation with the new
MAbs. The precipitated proteins were analyzed by SDS-PAGE
under reducing and nonreducing conditions (data not shown).
Under both conditions, MAb K5.M1 pulled down a protein
with a molecular mass of approximately 12 kDa, close to the
15- to 16-kDa value determined by Western blot analysis. MAb
K5.M3 precipitated a single protein band with a mass of ap-
proximately 210 kDa under nonreducing conditions and a sin-
gle band with a mass of 116 kDa under reducing conditions. No
protein bands were seen after precipitation with either the
K5.M2 or K5.M4 MAbs. The epitopes for these antibodies may
have been destroyed under the conditions used for labeling the
cells. These data are consistent with the Western blot results
and support the suggestion that the four MAbs recognize dis-
tinct proteins.

Cell phenotyping with MAbs. Since the MAbs were gener-
ated against erythroleukemia cells, we wished to determine if
they also recognized antigens expressed on other cell types. We
conducted flow cytometry analysis on a variety of cell lines and
primary mononuclear cells. As seen in Table 1, the MAbs
bound to most of the cells tested and the expression of the
proteins recognized varied from cell type to cell type, consis-

TABLE 1. HTLV-1 syncytium-inhibiting MAbs recognize proteins on various cell lines

% Positive cells”

Cell or MAb

K562/VCAM1 MT2 HOS PBMCs 293 CEM X 174
IgG2b 1.1 (10.5) 3.7(19.8) 2(5.0) 0.8 (0.2) 0.3(2.8) 0.5(3.9)
K5.M1 99.6 (98.7) 0.4 (4.3) 5.8(7.0) 50 (1.6) 1.7 (4.2) 99.8 (48.3)
K5.M2 98.2 (139.2) 93.6 (209.8) 100 (253.5) 91.7 (13.1) 99.9 (100.1) 100 (120)
K5.M3 99.9 (217.1) 99.5 (548.6) 100 (111.9) 64.2 (3.4) 96.3 (38.5) 99.9 (237.7)
K5.M4 99.9 (71.1) 99.3 (311.3) 100 (226.8) 86.3 (8.1) 99.7 (66.2) 99.9 (54.2)
MT.M5 99.5 (49.7) 98.7 (671.0) 100 (271.5) 65.4 (3.2) 5(4.9) 100 (219.7)
VIII6G10 53.8 (54.6) 72.3(97.2) 83.6 (17.3) 31.8 (0.7) 1.6 (3.4) 85.7 (14.4)
MHM.5 5.5(11.4) 81.3(89.2) 100 (390.7) 98.3 (92.4) 22.4(7.9) 100 (826.1)

“ MAbs were tested for binding to the indicated cell lines as described in Materials and Methods. Data shown are the percentages of positive cells (mean channel
fluorescence in parentheses), with MAb IgG2b mouse myeloma used as negative control. MT.MS5, VIII6G10, and MHM.5 recognize ICAM-1, VCAM-1, and MHC-1,

respectively. PBMCs, peripheral blood mononuclear cells.
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FIG. 3. PI-PLC treatment changes the ability of K5.M MAbs to
bind cells. CEM X 174 cells were treated with PI-PLC and analyzed by
flow cytometry as described in Materials and Methods. Data presented
are the mean channel fluorescences of the PI-PLC-treated cells as a
percent of that of the untreated control cells. Myeloma IgG2b was
used to determine nonspecific binding. Anti-CD59 MAb was used as a
positive control for release of GPI-anchored proteins by PI-PLC.

tent with recognition of distinct proteins by the MAbs. Inter-
estingly, three of the MAbs (K5.M2, K5.M3, and K5.M4) also
reacted with HTLV-1-infected MT?2 cells. Since the parent cell
type used to generate the MT2 cells was not available, we could
not determine whether expression of the proteins recognized
by the MAbs was affected by HTLV-1 expression.

Cell phenotyping after treatment with PI-PLC. To further
characterize the proteins recognized by the MAbs, we at-
tempted to determine whether the proteins were bound to the
cell membrane by GPI anchors. We treated K562 cells with
PI-PLC, which releases GPI-anchored proteins from the cell
surface, and determined expression of protein antigens by flow
cytometry. As a positive control for GPI-anchored proteins, we
used CD59. None of the proteins, including the positive con-
trol, changed expression levels after PI-PLC treatment of K562
cells (data not shown). We repeated the experiment with an-
other cell line, CEM X 174, that expressed all four of the
proteins recognized by the new MAbs at high levels, as seen in
Table 1. Two of the four MAbs, K5.M2 and K5.M4, showed a
large decrease in mean channel fluorescence, similar to that
seen with CD59 (Fig. 3). This result suggested that the proteins
recognized by these two MAbs are also GPI anchored. Expres-
sion of protein recognized by K5.M1 was also decreased by
more than 50% after PI-PLC treatment of the cells. The
smaller reduction of the K5.M1 protein expression may reflect
two forms of the small protein recognized by K5.M1, one that
is transmembrane and thus insensitive to PI-PLC treatment,
and another that is GPI anchored. Alternatively, the K5.M1
protein may be less sensitive to PI-PLC than other GPI-an-
chored surface proteins.

Phenotyping of LD~ and tLD™ cells. We confirmed the
results of the PI-PLC studies using cells from a patient with
paroxysmal nocturnal hemoglobinuria (PNH). PNH patients
lack the PIG-A gene, which is required for synthesis of GPI
anchors. The antibodies were tested for binding to an Epstein-
Barr virus-transformed PNH cell line, LD, and the same cell
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line with GPI anchor synthesis restored by transfection with
the PIG-A gene (tLD™) (3). As seen in Fig. 4, K5.M2 and
K5.M4 behaved like the MAD against the GPI-anchored pro-
tein CD59, binding poorly to LD~ cells but very well to tLD™
cells, confirming that these two MADbs recognize GPI-anchored
proteins. K5.M1 and K5.M3 MAbs bound to both LD~ and
tLD ™ cells, indicating that these two MAbs recognize proteins
that are not GPI anchored. In fact, the percent positive cells
increased for MADb K5.M1, suggesting that the decreased num-
ber of GPI-anchored proteins on LD~ cells may have in-
creased the accessibility of the K5.M1 epitope. These results
suggest that there are two forms of the K5.M1 protein, a
PI-PLC-sensitive (GPI-anchored) form on CEM X 174 cells
and a non-GPI-anchored form on LD cells.

Immunoblot analysis of lipid raft proteins. GPI-anchored
proteins are found abundantly in lipid rafts—highly ordered,
detergent-insoluble domains of the cell membrane, rich in cho-
lesterol and sphingolipids (41). Lipid rafts are more buoyant
than detergent-soluble membrane fractions and therefore can
be separated by equilibrium centrifugation on sucrose gradi-
ents. We lysed K562 cells and isolated lipid rafts on sucrose
gradients as previously described (26). The buoyant lipid rafts
migrate upwards during centrifugation and accumulate at the
interface between the dense 38% sucrose and the light 5%
sucrose (fractions 6 to 9, as determined with anti-CD59 MAb).
Solubilized proteins remain at the bottom of the gradient. The
fractions were blotted onto nitrocellulose and immunoblot
analysis was performed as described in Materials and Methods.
As seen in Fig. 5, all four of the proteins recognized by the new
MADs associated with the lipid rafts, even those that were not
GPI anchored. As expected, the GPI-anchored proteins
were found primarily in the rafts. The proteins recognized by
K5.M1, K5.M2, and K5.M4 were entirely in the rafts and that
recognized by K5.M3 was found in both the soluble and raft
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FIG. 4. Flow cytometry analysis of MAb binding to GPI anchor-
negative and GPI anchor-positive cells. MAbs were assayed for binding
to LD~ and tLD™ cells by flow cytometry, as described in Materials
and Methods. Data presented are the percent of positive cells. The
open bars represent LD~ cells (GPI anchor negative), and the shaded
bars represent tLD™ cells (GPI anchor positive).
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FIG. 5. Immunoblot of K562 cell fractions shows that proteins rec-
ognized by K5.M MAbs are in lipid rafts. Nonionic detergent lysates
were prepared from K562 cells and subjected to equilibrium centrifu-
gation on sucrose gradients, and fractions were collected as described
in Materials and Methods. The fractions were subjected to immuno-
blot analysis with the MAbs indicated. Lipid raft and soluble fractions
were identified by anti-CD59 and anti-CD71 MAbs, respectively. Anti-
MHC-1 MAb (MHM.5) served as a negative control.

fractions. The sorting of the proteins recognized by K5.M2 and
K5.M4 to detergent-insoluble membrane domains in K562
cells may explain why they were undetectable by the immuno-
precipitation protocol used; they would likely have been pel-
leted out of the lysate as part of detergent-insoluble material.

B-Cyclodextrin treatment blocks syncytium formation.
Since the new MAbs were found to recognize proteins that
were in lipid rafts, we wanted to determine if these special-
ized membrane domains were critically involved in HTLV-
1-induced syncytium formation. Cholesterol has been shown
to be required for the formation and integrity of lipid rafts
(5, 16, 28). BCD effectively depletes cholesterol from cell
membranes and, in doing so, disperses lipid rafts (25, 39). If
lipid rafts are critically important for HTLV-1 fusion, their
dispersion should result in inhibition of HTLV-1 syncytium
formation. Both K562/VCAMI cells and MT2 cells were
treated with 20 mM BCD in culture medium and then cocul-
tured in different combinations to determine the contribu-
tion of the lipid rafts on each cell type to virus-induced cell
fusion (Fig. 6). Cell viability after treatment was 100% that
of control cells, as assayed by trypan blue staining. When
both cell types were treated with BCD, there were none to
very few syncytia compared to untreated controls. When the
K562/VCAMLI cells were treated and cocultured with un-
treated MT2 cells, syncytium formation was also blocked.
When the MT2 cells were treated and mixed with untreated
K562/VCAMI cells, syncytium formation was only partially
inhibited. These data suggest that intact lipid rafts are re-
quired for HTLV-1-induced fusion and therefore are impor-
tant for cell-to-cell transmission of the virus. Moreover, it
seems that intact lipid rafts in the target membrane are
more critical than lipid rafts in the infected cell membrane
for infection to occur. To determine if treatment with BCD
affected surface expression of cellular proteins, we treated
the cells with BCD as we had for the syncytium formation
assay and analyzed them by flow cytometry. When analyzing
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K562/VCAMLI cells, we saw a slight increase in surface ex-
pression of proteins recognized by the four K5.M MAbs and
a slight decrease in VCAM-1 and ICAM-1 expression (Ta-
ble 2). Similar results were found for MT2 cells except that
expression of VCAM-1 and ICAM-1 was essentially the
same or slightly higher (Table 2). The increase in the surface
expression of proteins could be the result of the cells at-
tempting to restore the cholesterol content of their plasma
membranes after BCD treatment. These proteins could be
components of cholesterol-rich vesicles being shuttled to the
surface after cholesterol depletion. The decrease in VCAM-
1 expression was very small and could not account for the
complete inhibition in fusion that is seen in Fig. 6. Thus, we
concluded that BCD did not block syncytium formation by
changing surface expression of proteins.

Preloading BCD with cholesterol prevents inhibition of fu-
sion. To be certain that the effect of the BCD on HTLV-1
syncytium formation was due to its depletion of cholesterol
from cell membranes, we preloaded the BCD with cholesterol
and incubated the cells in media containing the cholesterol-
preloaded BCD or BCD alone before testing them in syncy-
tium formation assays as described above. Syncytium forma-
tion was not blocked in cells treated with cholesterol-loaded
BCD, confirming that depletion of cholesterol by BCD was
required for inhibition of syncytium formation (Fig. 7).

BCD treatment does not alter VCAM-1 binding. Since BCD
does not drastically alter VCAM-1 surface expression as seen
by flow cytometry (Table 2), we examined whether the mode by
which BCD inhibited syncytium formation was by preventing
interactions between VCAM-1 and its major integrin receptor,
VLA-4. K562/VCAMLI cells were pretreated with BCD as de-
scribed above and incubated with Jurkat T cells, which express
VLA-4. As is shown in Fig. 8, Jurkat T cells formed conjugates
with K562/VCAMI1 cells, regardless of pretreatment condi-
tions, suggesting that the function of VCAM-1 was unchanged.
In addition, the antibody to VCAM-1, VIII6G10, inhibited the
clustering of the two cell types, showing that the clustering is
VCAM-1 dependent and unaltered in the BCD-treated cells.

DISCUSSION

In a previous study, we showed that the adhesion molecule
VCAM-1 could confer to resistant K562 cells sensitivity to

TABLE 2. BCD treatment does not drastically alter
cell surface expression of proteins

% Positive cells’

Cell or

MAb  g56/vCAMI BCD K562/VCAM1 MT2 BCD MT2
16G2b  55(75) 4(6.4) 42(103)  23(1.7)
KSMIL  88.4(40.2) 9.7 (45.1) 0584  13(17)
K5M2  96.4(53.6) 98.9(70.4) 100 (391.6) 100 (475.3)
K5M3  99.7(533.4)  99.9(6185) 100 (415.8) 100 (596.0)
K5.M4  99.6(1643)  99.7(235.4)  100(510.2) 100 (540.6)
CD59  992(1940)  99.5(2163) 868 (31.1) 81.3(29.2)
VIII6G10 59.9 (24.5) 465 (17.0) 992 (108.7) 99.6 (125.0)
MT.M5  99.9(342.4) 100 (294.6)  100(965.9) 100 (970.0)

“ Cells were treated with media with or without BCD and then were tested for
binding the indicated MAbs as described in Materials and Methods. Data shown
are percentages of positive cells (mean channel fluorescence in parentheses) with
MAD IgG2b mouse myeloma used as a negative control. VIII6G10 and MT.M5
recognize VCAM-1 and ICAM-1, respectively.
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FIG. 6. BCD treatment blocks HTLV-1-induced syncytium formation. K562/VCAM and MT?2 cells were pretreated with 20 mM BCD and
incubated as described in Materials and Methods. The cells were then cocultured in syncytium formation assays in the combinations shown.
Photomicroscopy (A) and quantitation of syncytia (B) were performed at 16 h after mixing the cells. (B) Data shown are mean numbers of syncytia

per HPF. Syncytia in three HPFs were counted.

HTLV-1 syncytium formation (21). Because not all VCAM-1-
positive cells are sensitive to HTLV-1 fusion, we concluded
that K562 cells must express a second molecule required for
HTLV-1 infection. We have produced a panel of four new
MADs against K562 cells that block HTLV-1 syncytium forma-
tion. Characterization of these MAbs has revealed that they
recognize four distinct molecules, three of which localize pre-
dominantly to lipid rafts and one of which is found at high
levels in all cellular fractions, including the lipid rafts. Fur-

thermore, dispersion of rafts by cholesterol depletion blocks
HTLV-1 syncytium formation, strongly indicating that lipid
rafts are critical for HTLV-1 infection.

It is unlikely that all four molecules recognized by the MAbs
are true receptors for the virus. While it is possible that these
four proteins may share the same polypeptide motif that in-
teracts with gp46, this seems improbable since there has yet to
be a virus identified whose binding site resides on a polypep-
tide sequence in four distinct proteins. It is possible that these
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FIG. 7. BCD preloaded with cholesterol does not inhibit HTLV-1-induced syncytium formation. BCD was preloaded with cholesterol and used
along with BCD alone to treat cells as described in Materials and Methods. Treated and untreated cells were then mixed, and syncytium formation
was allowed to occur over 16 h. Photomicroscopy (A) and quantitation of syncytia (B) were then performed at 16 h as described previously.

Preloaded BCD and pBCD refer to cholesterol-saturated BCD.

molecules may share a common posttranslational modification,
such as a carbohydrate moiety, that interacts with the virus. For
example, the receptor for influenza viruses, sialic acid, can
be borne by many distinct proteins (18, 35, 46). Alternatively,
these four proteins recognized by the MAbs may associate with
the true receptor and inhibition of syncytium formation by the
MAbs could result from steric effects (19) or conformation
changes in the associated receptor.

One characteristic these four molecules do have in common
is their localization to lipid rafts. Lipid rafts are microdomains

of the cell membrane rich in cholesterol, GPI-anchored pro-
teins, and sphingolipids (24, 28, 41). Cholesterol appears to be
required for their formation, and the resulting membrane do-
mains are in a liquid-ordered phase, whereas the surrounding
membrane regions take on a more fluid liquid-crystalline or gel
phase state (6). Rafts have been shown to contain a multitude
of signaling proteins, implying that they serve as sites of inte-
gration for multiple signaling pathways (41). In the formation
of these membrane domains, certain integral membrane pro-
teins with bulky cytoplasmic tails, such as the transmembrane
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FIG. 8. BCD does not alter VCAM-1 binding. K562/VCAM cells were pretreated with BCD, followed by preincubation with anti-VCAM-1
MADb VIII6G10 or media alone. They were then incubated with Jurkat T cells for 1 h at 37°C as described in Materials and Methods. Conjugate
formation was visualized by photomicroscopy 1 h after mixing the cells. Top row, left to right: untreated Jurkat cells and untreated K562/VCAM1
cells alone, mixed with Jurkat cells, and mixed with Jurkat cells in the presence of anti-VCAM1 MAD (with anti-VCAMI). Bottom row, left to right:
BCD-treated K562/VCAMI cells alone, mixed with Jurkat cells (middle panel), and mixed with Jurkat cells in the presence of anti-VCAM1 MAb

(right panel).

phosphatase CD45 (34), are excluded. This could result in
areas on the cytoplasmic membrane leaflet which facilitate
interactions between cytoplasmic proteins and small mem-
brane-bound signaling molecules. Since excluded molecules
like CD45 are very tall and heavily negatively charged (2), lipid
rafts may represent sites at which gp46, relatively small and
compact, can gain easy access to its receptor.

In a previous report, we showed that MAbs to proteins
highly expressed on the surface of HTLV-1-infected cells, such
as MHC-2, could inhibit HTLV-1-induced syncytium forma-
tion while leaving HIV-1-induced syncytium formation un-
changed (19). This suggested that the receptor that engages
gp46 is, like gp46 itself, small and compact in relation to the
proteins that surround it and cannot easily penetrate MAbs
bound to proteins surrounding gp46. The levels of the proteins
on K562/VCAMI1 cells recognized by the K5.M MAbs do not
approach those of antigens on MT2 cells bound by MAbs used
in the previous study. MAb K5.M3 is the only one whose level
of binding approaches that of antibodies that block HTLV-1
fusion by protein crowding, and that was true of its binding to
MT2 cells but not to K562/VCAMI1 cells. However, a similar
phenomenon may explain the results obtained with the MAbs
characterized in this report. It is possible that the receptor for
HTLV-1 may reside in lipid rafts and that MAbs bound to
other proteins in lipid rafts are able to mask the receptor by

localized protein crowding in such a way that gp46 cannot bind
to it and promote membrane fusion. This could happen even if
the overall expression of the proteins recognized by the MAbs
was modest or low.

The many reports of HTLV-1 infection of a variety of cell
types strongly imply that the HTLV-1 receptor is widely ex-
pressed. Lipid rafts and their caveolin-containing counterparts,
caveolae, are ubiquitous, being found on all cell types (24, 28).
Localization of the HTLV-1 receptor to rafts may provide
insights into many unanswered questions. Caveolae form in-
vaginated flasks of plasma membrane with an opening of ~70
nm. If the receptor is in this “flask,” it may be inaccessible to
free virus particles, which have a diameter of approximately
100 nm. The ineffectiveness of HTLV-1 free virus infection
would be explained by the “protected” nature of the receptor.
However, an infected cell expressing gp46 along with various
cell adhesion molecules, through cell-cell interactions and the
appropriate signaling pathways, could induce changes in the
membrane structure of the uninfected cell so as to undo the
invaginated flask morphology of caveolae, making the receptor
accessible to gp46 at the cell surface. In the case of T lympho-
cytes, which do not express caveolin or have caveolae, adhesion
molecule mediated cell-cell interactions could result in coales-
cence of lipid rafts (48), thereby facilitating gp46-receptor
binding. A “virological synapse” could result, in which gp46 has
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access to its receptor while the two membranes are held to-
gether by surrounding adhesion molecules (VLA-4, a4B7,
LFA-1) binding to their ligands (VCAM-1, ICAM-1), in a
process analogous to that shown to occur when T-cell receptors
engage their peptide-MHC complexes in the formation of an
“immunological synapse” between T cells and antigen-present-
ing cells (14). This model of sequestration of the HTLV-1 re-
ceptors to lipid rafts and/or caveolae could explain why HTLV-
1 seems to be transmitted much more effectively in a cell-to-
cell manner than does free virus.

Lipid rafts have been implicated in the infection pathways of
other pathogens. We have shown that HIV-1 budding occurs
primarily at lipid rafts (32). Evidence has also been published
that influenza and measles viruses bud from lipid rafts (29, 38).
Other examples are Semliki Forest virus and Sindbis virus,
both of which seem to require cholesterol and/or sphingolipids
for fusion and entry (33, 42). These viruses may therefore
preferentially enter at lipid rafts and caveolae. In addition, Sen-
dai virus and rotaviruses appear to use gangliosides as recep-
tors (10, 36), and these structures are highly enriched in lipid
rafts (17). We have previously demonstrated that lipid rafts
may be required for HIV-1 entry as well (28a; J. E. K. Hildreth,
D. Nguyen, Z. Liao, and R. Hampton, J. Assoc. Acad. Minority
Phys., abstract, 10:106.a).

In this paper, we show for the first time that lipid rafts may
play a role in HTLV-1-induced syncytium formation and in-
fection. These specialized regions of the cell membrane may
represent sites at which the HTLV-1 receptor is expressed, or
they may provide the needed lipid composition for virus-in-
duced membrane fusion. For the reasons given above, lipid
rafts may provide viruses the most accessible sites for entry
and, through as-yet-unidentified signaling mechanisms, allow
viruses to prime cells for postentry replication steps. Further
studies on the role of lipid rafts in HTLV-1 binding and entry
may provide important new insights in the biology of this virus.
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