
ability of fixed cells to present peptides to 
CTLs and complements the extensive find- 
ings regarding the association of antigenic 
peptides with class I1 molecules (14). 

By contrast, the inhibitory effect of brefel- 
din A on the presentation of viral proteins 
suggests that antigens processed by the cyto- 
solic route associate with newly synthesized 
class I molecules prior to their exit from the 
trans-Golgi complex. T o  establish this point 
more firmly, it will be necessary to examine 
whether brefeldin A inhibits other processes 
potentially involved in antigen presentation, 
such as proteolysis, translocation of antigen 
into an exocytic compartment, and exocyto- 
sis of antigen not mediated by class I mole- 
cules. The idea that processed antigens asso- 
ciate with newly synthesized class I mole- 
cules is attractive, however, as it is consistent 
with (i) the parallel effects of brefeldin A on 
class I molecule transport and antigen pre- 
sentation in the temperature reversal experi- 
ments, (ii) the inhibition of antigen presen- 
tation mediated by adenovirus E3119K gly- 
coprotein, which specifically interacts with 
newly synthesized class I molecules and 
blocks their intracellular transport (IS), and 
(iii) our recent findings that prolonged incu- 
bation of cells with protein synthesis inhibi- 
tors (4 to 8 hours) prior to their sensitiza- 
tion with noninfectious influenza virus in- 
hibits the Kk-associated presentation of HA 
and NP [but not NP(50-63) peptide] with- 
out affecting the amount of Kk present on 
the cell surface (1 6). 
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Involvement of a Leukocyte Adhesion Receptor 
(LFA-1) in HIV-Induced Syncytium Formation 

JAMES E. K. HILDRETH* AND RIMAS J. ORENTAS 

Cell fusion (syncytium formation) is a major cytopathic effect of infection by human 
immunodeficiency virus (HIV) and may also represent an important mechanism of 
CD4' T-cell depletion in individuals infected with HIV. Syncytium formation 
requires the interaction of CD4 on the surface of uninfected cells with HIV envelope 
glycoprotein gp120 expressed on HIV-infected cells. However, several observations 
suggest that molecules other than CD4 play a role in HIV-induced cell fusion. The 
leukocyte adhesion receptor LFA-1 is involved in a broad range of leukocyte interac- 
tions mediated by diverse receptor-ligand systems including CD4-class I1 major 
histocompatibility complex (MHC) molecules. Possible mimicry of class I1 MHC 
molecules by gp120 in its interaction with CD4 prompted an examination of the role 
of LFA-1 in HIV-induced cell fusion. A monoclonal antibody against LFA-1 com- 
pletely inhibited HIV-induced syncytium formation. The antibody did not block 
binding of gpl20 to CD4. This demonstrates that a molecule other than CD4 is also 
involved in cell fusion mediated by HIV. 

H UMAN IMMUNODEFICIENCY VI- 

rus (HIV) is the etiologic agent of 
acquired immunodeficiency syn- 

drome (AIDS), a fatal disease characterized 
by profound immunosuppression, opporm- 
nistic infections, and neuropathies (1 ) . Al- 
though only a small fraction of circulating 
lymphocytes are infected with the virus (2), 
there is a marked loss of T cells bearing the 
virus receptor CD4 (3, 4).  The depletion 
of CD4' T cells appears to contribute sig- 
nificantly to the immunosuppression associ- 
ated with AIDS. Syncytium formation re- 
sulting from HIV-induced cell fusion has 
been shown to be the primary cytopathic 
effect of the virus in vitro (5) and has been 
postulated to account for the loss of CD4' 
T cells in vivo (6-8). 

CD4, through its interaction with the 
HIV envelope glycoprotein gp120, plays an 
important role in syncytium formation (6, 
9-12). However, several observations sug- 
gest that molecules on the surface of unin- 
fected cells other than CD4 are also involved 
in HIV-induced cell fusion. First, fusion of 

HIV-infected cells to uninfected cells does 
not correlate with CD4 density on the sur- 
face of the uninfected cells (13, 14). In 
addition, whereas transfection of nonlym- 
phoid human cells with CD4 renders such 
cells capable of fusion to HIV-infected cells, 
this is not true for CD4-transfected mouse 
cells (15). Finally, there is a disparity in 
the capacity of sera from AIDS patients to 
block binding of HIV particles to CD4' 
cells and the capacity of the same sera to 
block fusion of HIV-infected cells to CD4' 
uninfected cells (1 1 ) . 

CD4 interacts directly with class I1 major 
histocompatibility complex (MHC) mole- 
cules in class I1 MHC-restricted T helper 
cell responses (16, 17). The involvement of 
the leukocyte adhesion receptor (LAR) 
LFA-1 in such responses has been demon- 
strated with monoclonal antibodies (MAbs) 
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to LFA- 1 (anti-LFA- 1) (1 8-20). Structural 
similarities between gp120 and class I1 
MHC molecules (21) suggested to us that 
the binding of gp120 to CD4 may mimic 
the interaction between class I1 MHC mole- 
cules and CD4 (1 6,17). We therefore exam- 
ined the role of LAR in HIV-mediated cell 
fusion. 

For this purpose, we developed a syncy- 
tium formation assay that involved phyto- 
hemagglutinin (PHA)-stimulated T cells 
(PHA-blasts) and a cell line designated 8E5. 
This CD4- cell line was selected from sur- 
viving clones after HIV infection of the 
A3.01 cell line, a subclone of the CEM T cell 
line (22, 23). The 8E5 cells carry a single 
copy of the entire LAV genome but pro- 
duced noninfectious virus particles because 
of a point mutation in the reverse transcrip- 
tase gene (24). The 8E5 cells express HIV 
envelope glycoproteins (23) and, when 
mixed with CD4-positive PHA-blasts and T 

cell lines, produce cytopathic effects identi- 
cal to those observed in cultures of T cells 
infected with wild-type virus (23). In our 
assay, syncytia or balloon cells consisting of 
10 to 50 or more fused cells from between 
4 and 10 hours after mixing 8E5 cells with 
PHA-blasts and CD4' T cell lines, respec- 
tively (25). Continued incubation results in 
rapid syncytia death as determined by vital 
dye exclusion. 

To determine their effect on HIV-mediat- 
ed cell fusion, MAbs against human leuko- 
cyte antigens were added to cocultures of 
PHA-blasts and 8E5 cells. H52, a MAb 
against the p-subunit of the LFA-1 (CD18) 
(IS), completely inhibited syncytium forma- 
tion (Fig. l ) .  Fusion was also blocked by a 
MAb (MHM.24) against the a-subunit of 
LFA-1 (CDl la) (18, 20) (Fig. 1). Howev- 
er, the MAb MHM.24 was less effective 
than MAb H52, since very small syncytia 
were rarely observed. H5A4, a MAb against 

Fig. 1. Inhibition of svn- 
CyGum fimnahn 'by 
MAbs. The effect of MAbs 
on the fusion of 8E5 cells 
to PHA-blasts was de- 
termined in a syncyium 
finmation assay. The 
MAbs tested wek: H52, 
anti-CD18 (LFA-18): 

(LFA-la); H5A4, and- 
CDllb (Mac-1 a): 

C; and &a. anti-cb4: 
antibodies'are immu- 

noglobulin Glk (IgGlk) 
isoNpe. ?he 8E5 and 
A3.G d lines were main- 
tained in wmplete medi- 
um (RPMI 1640 supple- 
mented with 10% f&al b e  
vine serum (Hyclone) and 
10 mM Hep) .  The 8E5 
cell he, a surviving done 
of infected A3.01cells. ex- 
p r e s s e s ~ & c o p ~  
but pmduce.9 nonkfec- 
aous virus because of a 
mutant rwerse tratlsaip 
Olse ~ U X  (22-24). PHA- 
blasrs were generated by 
uKubaang WPM 
blood mononudear cells 
br 3 days in the presence 
of PHA (Wellwme Diag- 
nostics) at a wncemation 
of 0.25 d m 1  in wmplete 
medium. Cells were 
washed three times with 
phosphate-- saline 
(PBS) and mpended in 
wmplete medium at a density of 5 x I d  per milliliter. MAbs wixe used in the brm of punfied IgG at a 
wncenmion of 25 &ml. PHA-blasts were mixed with an equal volume (30 pl) of MAb or medium in the 
wells of half-area %well plates (Cmar) and incubated for 30 min at 25°C. Thirry microliten of 8E5 ceUs were 
then added, bbwed by incubation br 10 hours at 37°C in a humidified C Q  incubator. Control wells 
consisted of PHA-blasts incubated with an equal number of uninfected A3.01 c&. 

a different member of the LAR family, Mac- 
1 (complement receptor type 3; CDllb)  
(IS), had no effect on the fusion of 8E5 cells 
to the PHA-blasts. Also, fusion was not 
affected by two MAbs recognizing unrelated 
cell surface proteins: MHM.5, anti-class I 
MHC (26), and H5A5, anti-leukocyte com- 
mon antigen (CD45) (Fig. 1). Because 
these two antigens are expressed at equal or 
higher densities than LAR on PHA-blasts 
(25), the failure of the latter two antibodies 
to block fusion suggests that inhibition by 
antibodies to LAR was not due to a nonspe- 
cific steric effect. 

Leuda, a MAb against CD4, which has 
been previously shown to block binding of 
gp120 to CD4 (9),  completely inhibited 
fusion of 8E5 to PHA-blasts (Fig. 1). Inhi- 
bition of fusion by Leu3a and the absence of 
fusion between the PHA-blasts and unin- 
fected A3.01 cells (Fig. 1, control) con- 
firmed that the fusion was mediated by 
HIV. A number of commercially available 
MAbs against gp120 failed to inhibit fusion 
in our assay system, consistent with results 
obtained by other investigators using a dif- 
ferent assay for syncytium formation (27). 

PHA-blasts and the 8E5 cells formed very 
large aggregates within 1 hour of mixing in 
the syncytium assay. Formation of these 
aggregates was completely inhibited by 
H52, MHM.24, and Leu3a but not by the 
other MAbs (25). This observation suggests 
that LFA-1 like CD4 is involved in an early 
adhesion step in syncytium formation. 

The inhibition of syncytium formation by 
MAb H52 was observed whether the PHA- 
blasts were mixed with 8E5 cells infected 
with the mutant virus or the CEM T cell line 
infected with wild-type HIV (HTLV-IIIB) 
(25). This result showed that the effect of 
anti-LFA-1 on syncytium formation was 
not restricted to cells infected with the mu- 
tant virus. 

The H52 MAb blocked 8E5-PHA-blast 
fusion in a dose-dependent manner, with 
complete inhibition observed at concentra- 
tions above 3 pg/ml (Fig. 2). The inhibition 
of LFA-1-mediated lymphocyte adhesion 
functions by MAb H52 shows a very similar 
dose dependency (18, 28). PLM-2, a MAb 
against a CD18 epitope not associated with 
LFA-1 adhesion functions (28), did not 
significantly affect fusion at any concentra- 
tion (Fig. 2). 

We have previously shown that inhibition 
of lymphocyte interactions by anti-LFA- 1 is 
a unidirectional effect even when both cell 
cypes express LFA-1 (20). To determine 
whether the effect of MAb to LFA-1 on 
syncytium formation was also unidirection- 
al, we first analyzed LFA-1 expression by 
flow cytometry. Both 8E5 cells and PHA- 
blasts expressed LFA-1, although the 
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Fig. 2. Dose-dependent inhibition of syncytium 
formation by H52 IgG. PHA-blasts, generated as 
described in Fig. 1, were incubated with various 
concentrations of purified H52 or PLM-2 IgG 
before the addition of 8E5 cells. PLM-2 is an 
IgGlk MAb against CD18 that does not inhibit 
LFA-1-mediated functions (28). The assay was 
carried out exactly as described in Fig. 1. Syncytia 
were counted on an inverted microscope with a 
low power objective (40x)  after adding trypan 
blue (0.1%). Data shown are the mean syncytia 
counti106 8E5 cells of duplicate wells. Similar 
results were obtained in each of three experi- 
ments. 

expression on 8E5 was substantially less 
than on the blasts (25). Each cell type was 
coated with MAb H52 or the control MAb 
PLM-2 and washed to remove unbound 
MAb before the assay of syncytium forma- 
tion. Coating PHA-blasts with H52 result- 
ed in near complete inhibition of fusion, 
whereas similar treatment of the 8E5 cells 
had essentially no effect (Fig. 3). Fusion was 
not affected by coating either the PHA- 
blasts or  the 8E5 cells with the control 
MAb. This result showed that anti-LFA-1 
blocked fusion at the level of the PHA-blast, 
not the HIV-infected 8E5 cells, suggesting 
that LAR on the CD4+ cells interacted with 
a ligand expressed on 8E5 cells. 

Nonspecific agents such as dextran sulfate 
that block the interaction of gp120 with 
CD4 by steric effects are known to inhibit 
HIV-mediated cell-cell fusion (29). We 
therefore tested whether the binding of 
MAb H52 to LFA-1 on the surface of 
CD4+ cells interfered with the binding of 
gp120 to CD4. Consistent with previous 
findings, cells coated with the Leu3a MAb 
(anti-CD4) showed essentially zero binding 
of gp120 (9) (Fig. 4) .  In contrast, coating 
cells with either rnAB H52 or the control 
MAb PLM-2 had no inhibitory effect on 
the binding of gp120. This result demon- 
strated that inhibition of syncytium forma- 
tion by MAb H52 was not due to interfer- 
ence with HIV receptor function, since 
binding of gp120 to CD4 was not blocked 
by this MAb. 

Although our data indicate that LFA- 1 is 
involved in HIV-mediated cell fusion, eluci- 
dation of the exact role of LFA-1 in this 
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Fig. 3. H52 blocks syncytia formation at the level 
of PHA-blasts, not 8E5 cells. PHA-blasts and 
8E5 cells (2:5 x lo6) were incubated for 1 hour 
on ice in 0.5 ml of complete medium alone or 
complete medium containing purified H52 or 
PLM-2 IgG at 25 pglml. After pelleting the cells, 
unbound MAb was removed by washing two 
times with 10 ml of PBS. The antibody-coated 
PHA blasts and 8E5 cells were then resuspended 
in complete medium and mixed with uncoated 
8E5 cells and PHA blasts, respectively, followed 
by incubation at 37°C for 10 hours as described in 
Fig. 1. Syncytia formation was scored as described 
in Fig. 2. Data shown are mean syncytid106 8E5 
cells (+ SEM) of duplicate wells. The experiment 
was carried out three times with similar results. 

process will require further study. The re- 
sults presented-herein support the notion 
that gp120 may mimic class I1 MHC mole- 
cules in its interaction with CD4. However, 
structural homology between gp120 and 
class I1 MHC need not form the basis of 
the interaction between gp120 and CD4 or 
the observed inhibition of syncytium forma- 
tion by anti-LFA- l .  The participation of 
LFA-1 in a broad range of cell-cell interac- 
tions mediated by a variety of cell surface 
receptors has led to the postulate that LFA- 
1 miy serve as an access&y adhesion recep- 
tor that stabilizes weak interactions (initiat- 
ed by other receptors) between cells (19). 
The observed inhibition of adhesion be- 
tween 8E5 cells and PHA-blasts by MAb 
H52 in the present study suggests that LFA- 
1 may play a similar role in the interaction 
between HIV-infected cells and CD4+ cells. 
There is strong evidence indicating that 
HIV envelope glycoprotein gp41 serves as 
the fusion protein for HIV in a manner 
similar to fusion proteins of other viruses 
(30, 31), suggesting that one or more cell 
surface molecules other than CD4 mav serve 
as fusion receptors on uninfected cells. Al- 
though we have demonstrated in the present 
study that MAb H52 does not inhibit the 
binding of gp120 to CD4, our data do not 
rule out blockage of the putative HIV fusion 
receptor or receptors by this MAb. Our 
recent observation that MAb H52 inhibits 
the fusion of macrophages and formation of 
multinucleated ceils (32) supports this 

- ,  
None Leu3a H52 PLM-2 

inhibiting antibody 

Fig. 4. Inhibition of gp120 binding to CEM cells 
by MAb, gp120 was purified as follows. HIV 
(35) was pelleted (110,0008, 1.5 hours) from 
culture supernatants of infected PHA-blast cells 
and washed once with PBS. The virus was resus- 
pended in PBS and spun in a vortex mixer 
vigorously to shear off gp120 followed by centrif- 
ugation at 110,0008. The resulting supernatant 
was concentrated with a 30,000-dalton cut-off 
Centricon filter. The retained proteins, which 
consisted primarily of gp120 and bovine serum 
albumin (BSA, 10 to 30%), were radioiodinated 
by the standard chloramine-T method. The la- 
beled proteins (2 to 5 pCiIpg) were diluted in 
PBS containing a high concentration of BSA 
(2%) to eliminate binding of 1251-labeled BSA. 
CD4' CEM cells (5 x lo5) were preincubated 
with LeudA, H52, and PLM-2 MAb at 25 pglml 
in complete medium (see Fig. 1) before adding 50 
ng of radioiodinated gp120. After a 1-hour incu- 
bation at PC,  the cells were washed twice, and 
bound radiolabel was measured. Background 
binding was determined by preincubating cells 
with a 200-fold excess of unlabeled gp120. Data 
shown are mean bound counts per minute (SEM 
<15%) above background of triplicate assay 
tubes. Similar results were obtained in each of two 
experiments. 

contention. However, preliminary studies 
with a MAb against ICAM-1, an LFA-1 
ligand (19), suggest that LFA-1 on PHA- 
blasts interacts with ICAM-1 on 8E5 cells 
(25). 

Whereas our data suggest that anti-LFA- 
1 may block direct cell to cell transmission of 
HIV, the highly immunosuppressive nature 
of antibodies to LFA-1 would probably 
limit their usefulness as therapeutic agents 
against AIDS. However, if bone marrow 
transplantation is pursued as a therapeutic 
modalioi in the treatment of the disease, 
these MAbs may be very useful in prevent- 
ing the spread of virus in the immunosup- 
pressed host by inhibiting fusion of residual 
infected cells to the transplanted cells. In 
addition, since higher infectivity and repli- 
cation of HIV is associated with activation 
of T cells (33) and macrophages (34), the 
immunosuppressive properties of anti- 
LFA-1 may represent a second beneficial 
effect in this setting. The results of the 
present study provide direct evidence that 
cell surface molecules other than CD4 are 
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involved in HN-induced cell fusion, an 
important mechanism in the pathogenesis of 
AIDS, and may pave the way for broader 
therapeutic strategies than those currently in 
development. 
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Sporozoite Vaccine Induces Genetically Restricted T 
Cell Elimination of Malaria from Hepatocytes 

The target of the CD8' T cell-dependent immunity that protects mice immunized 
with irradiation-attenuated malaria sporozoites has not been established. Immune 
BALBIc mice were shown to  develop malaria-specific, CD8' T cell-dependent 
inflammatory infiltrates in their livers after challenge with Plasmodium berghei sporo- 
mites. Spleen cells from immune BALBIc and C57BL16 mice eliminated hepatocytes 
infected with the liver stage of P .  berghei in vitro. The activity against infected 
hepatocytes is not inhibited by antibodies to  interferon-y and is not present in culture 
supernatants. It is genetically restricted, an indication that malaria antigens on  the 
hepatocyte surface are recognized by immune T effector cells. Subunit vaccine 
development will require identification of the antigens recognized by these T cells and 
a method of immunization that induces such immunity. 

A FTER INOCULATION, MALARIA SPO- 

rozoites are in the peripheral circula- 
tion for less than an hour before 

they enter the liver where, during several 
days, they develop to mature liver-stage 
parasites that rupture and release merozoites 
that invade erythrocytes. Immunization 
with irradiation-attenuated malaria sporozo- 
ites (irr-spz) protects animals (1) and hu- 
mans (2) against challenge with normal spo- 
rozoites. In some strains of mice the effector 
arm of this protective immunity has been 
shown to require CD8' lymphocytes and 
interferon-y (3, 4). Such immunity does not 
protect against challenge with erythrocyte- 
stage parasites (1) or liver-stage merozoites 
(5 ) ,  and circulating sporozoites are an un- 
likely target for a protective CD8' T cell- 
dependent immune response that would re- 
quire cell surface presentation of antigen in 

combination with class I major histocom- 
patibility (MHC) proteins. The infected he- 
patocyte is the likely target for such immuni- 
ty. However, most workers still refer to 
sporozoite vaccine development, since there 
is little or no inflammatorv reaction around 
most mature parasites in the livers of nalve 
animals after infection (6,  7 )  (Fig. lA), and 
the presence of malaria antigens on the 
surface of hepatocytes has not been demon- 
strated. In the current studies we show that 
multiple, malaria-specific inflammatory re- 
actions occur in the livers of immune mice 
and that T cells from immune mice eliminate 
liver-stage parasites from hepatocyte cul- 
tures. 

We immunized BALBIc mice with a sin- 
gle dose of Plasmodium bevghei irr-spz. Two 
weeks later the mice were infected with 
sporozoites, and 43 hours later they were 

killed. Multiple inflammatory infiltrates 
(Fig. 1B) were found in the livers of mice 
immunized with irr-spz and challenged with 
normal sporozoites, but few infiltrates were 
found in controls (8). In addition, the re- 
sponse was specific for malaria (Table 1). 
The infiltrates contained numerous macro- 
phages, polymorphonuclear leukocytes, eo- 
sinophils, and CD8' lymphocytes (Fig. 
1C). CD4' lymphocytes were present in 
lower concentration. and the number of 
Kupffer cells recognized by monoclonal 
antibody SER-4 was similar in infiltrates 
and normal hepatic tissue (8). To hrther 
define the infiltrates, we adoptively trans- 
ferred spleen cells from immune or nalve 
donors into nalve recipients, challenged the 
recipients, and examined their livers 43 
hours later (9). Infiltrates were present in 
the livers of mice that received unfraction- 
ated immune spleen cells (ISCs) (5.2 k 4.19 
infiltrates per 20 low-power fields, mean i 
SD) and CD4- ISCs (5.5 i 2.12), but not 
in those that received CD8- ISCs (0) or 
normal spleen cells (0.3 + 0.57). The num- 
bers of infiltrates in these experiments ex- 
ceeded the numbers of mature schizonts 
expected after such a sporozoite challenge. 
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