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The most abundant protein on the surface of the promastigote form of the protozoan parasites Leishmania
spp. is a 63-kDa molecule, designated gp63 or leishmanolysin. Because gp63 has been shown to possess
fibronectin-like properties, we examined the interaction of gp63 with the cellular receptors for fibronectin. We
measured the direct binding of Leishmania to human macrophages or to transfected mammalian cells express-
ing human fibronectin receptors. Leishmania expressing gp63 exhibited modest but reproducible adhesion to
human macrophages and to transfected CHO cells expressing a4/f31 fibronectin receptors. In both cases, this
interaction depended on gp63 but occurred independently of the SRYD sequence of gp63, because parasites
expressing gp63 with a mutated SRYD sequence bound to macrophages and «4/f1 receptor-expressing cells as
well as did wild-type parasites. The contribution of gp63 to parasite adhesion was more pronounced when the
assays were performed in the presence of complement, suggesting that the receptors for complement and
fibronectin may cooperate to mediate the efficient adhesion of parasites to macrophages. The interaction of
gp63 with fibronectin receptors may also play an important role in parasite internalization by macrophages.
Erythrocytes to which gp63 was cross-linked were efficiently phagocytized by macrophages, whereas control
erythrocytes opsonized with complement alone bound to macrophages but remained peripherally attached to
the outside of the cell. Similarly, parasites expressing wild-type gp63 were rapidly and efficiently phagocytized
by resting macrophages, whereas parasites lacking gp63 were internalized more slowly. This rapid internal-
ization of gp63-expressing parasites was dependent on the 31 integrins, because pretreatment of macrophages
with monoclonal antibodies to the 31 integrins decreased the internalization of gp63-expressing parasites.
These observations indicate that complement receptors are the primary mediators of parasite adhesion;
however, maximal parasite adhesion and internalization may require the participation of the 1 integrins,

which recognize fibronectin-like molecules such as gp63 on the surface of the parasite.

gp63 is the major surface protein on Leishmania promasti-
gotes (3). Due to its abundance and its characterization as a
zinc-metalloproteinase (9), much work has been done to define
a role for gp63 in Leishmania virulence (4, 7). Previous studies
have implicated gp63 as a ligand for multiple macrophage
receptors, including Mac-1 (CD11b/CD18) (26, 33) and the
cellular receptors for fibronectin (22). The gp63 molecule is
highly conserved among all species of Leishmania (16); this
conservation includes the amino acid sequence SRYD, which
is found at amino acids 252 to 255 in Leishmania major (5).
Soteriadou et al. (29) demonstrated that the SRYD region of
gp63 was antigenically similar to the RGDS region of fibronec-
tin. Antibodies against fibronectin have been shown to cross-
react with gp63 (22, 29) and to inhibit the binding of promas-
tigotes to macrophages (22, 37). Wyler et al. (37) demonstrated
that RGDS-containing peptides could inhibit the immunopre-
cipitation of gp63 by antibodies to fibronectin.

Two of the most abundant cellular receptors for fibronectin
are members of the B1 integrin family, VLA-4 (CD49d/CD29)
and VLA-5 (CD49¢/CD29) (24, 34). VLA-5, like many of the
cellular receptors for fibronectin, recognizes the Arg-Gly-Asp-
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Ser (RGDS) sequence of fibronectin (20). VLA-4, in contrast,
recognizes the CS-1 domain of fibronectin, which contains the
amino acid sequence Glu-lle-Leu-Asp-Val (EILDV) (12).
VLA-4 and VLA-5 are both expressed on a wide range of
tissues and cell types (32, 34), with VLA-4 appearing primarily
on hematopoietic cells and being prominently expressed on
macrophages and activated lymphocytes (34). The cooperation
between fibronectin and complement receptors has been sug-
gested by several groups, who have observed that the presence
of fibronectin can enhance the phagocytosis of complement-
opsonized particles (2, 21, 27). These observations have been
extended to microbial phagocytosis. The FimD molecule on
Bordetella pertussis can enhance the complement-dependent
phagocytosis of that organism by interacting with fibronectin
receptors (11). Similarly, the interaction of Mycobacterium
avium with B3 integrins on macrophages enhances comple-
ment receptor expression and augments phagocytosis (10).

It has previously been demonstrated that the presence of
gp63 on the surface of promastigotes can enhance their inter-
action with murine macrophages (6, 13, 14). Here we examine
the importance of gp63 and specifically the SRYD region of
gp63 in the interaction of promastigotes with human macro-
phages. We demonstrate that gp63 on Leishmania can bind
specifically to human «4/B1 fibronectin receptors. This is the
first identification of a specific fibronectin receptor with which
Leishmania can interact. We also demonstrate that the SRYD
region of gp63, a domain previously implicated in cell adhesion
(26, 29), is not required for this interaction. Finally, although
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FIG. 1. Cell surface expression of Bl integrins on transfected CHO-B2 cells. CHO-B2/a5 cells (left panel) or CHO-B2/a4 cells (right panel) were incubated
individually with MADb to detect either a4 (HP2/1) or a5 (SAM1) receptor expression on their surface. Cells were stained with FITC-conjugated goat anti-mouse
immunoglobulin G (Jackson ImmunoResearch) and analyzed by flow cytometry. Profiles of cells stained with each antibody were overlaid and compared to those of

cells stained with secondary antibody alone.

gp63 can bind directly to a4/B1 receptors, the direct binding of
parasites to human macrophages is minimal unless comple-
ment is also present. In the presence of complement, however,
the interaction of gp63 with fibronectin receptors may cooper-
ate with complement receptor-dependent adhesion to mediate
the efficient attachment to and entry of parasites into macro-
phages.

MATERIALS AND METHODS

Macrophages. Mononuclear cells were isolated from human peripheral blood
with Lymphoprep (Nycomed Pharma, Oslo, Norway) as specified by the manu-
facturer. To obtain monocyte-derived macrophages, monocytes were cultured for
4 to 5 days in Teflon beakers (Savilex, Minnetonka, Minn.) containing RPMI
1640 supplemented with glutamine, penicillin-streptomycin (Mediatech, Hern-
don, Va.), and 5% autologous serum. Cells were removed from beakers with cold
cation-free Dulbecco’s phosphate-buffered saline (PBS) (GIBCO, Grand Island,
N.Y.) and washed in RPMI 1640. Cells were then allowed to adhere to 13-mm-
diameter round glass coverslips overnight in the presence of 5% autologous
serum. Nonadherent cells were removed on the following day by washing, and
monolayers were used that day for Leishmania-binding assays.

Murine bone marrow-derived macrophages were established as previously
described, with minor modifications (30). Briefly, femurs were flushed with
cation-free Dulbecco’s PBS by use of a 23-gauge needle. Cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM [Mediatech]) containing 20%
1929 cell-conditioned medium, 10% heat-inactivated (HI) fetal calf serum
(FCS), 2 mM L-glutamine, 100 U of penicillin G per ml, and 100 wg of strepto-
mycin per ml. Cells were incubated at 37°C in 5% CO, for 5 to 7 days until
uniform monolayers of macrophages were established. Twelve hours before use,
cells were removed from the original plastic petri dishes with EDTA; a total of
10° cells in DMEM containing 10% HI FCS, 2 mM L-glutamine, 100 U of
penicillin G per ml, and 100 wg of streptomycin per ml (complete medium) were
plated on 13-mm-diameter round glass coverslips in 24-well plates (Nunc, Na-
perville, I1L.).

Transfected CHO cells. Clonal CHO cell lines stably expressing wild-type
human Mac-1 (8) and complement receptor type 1 (CR1) (23) have been de-
scribed previously. Mutant CHO cells deficient in hamster B1 integrin expression
(CHO-B2) or transfected with constructs encoding either the human a4 (CHO-
B2/a4) or the human a5 (CHO-B2/a5) subunit were kindly provided by Rudolph
Juliano, University of North Carolina (1, 28). Cells were maintained in alpha
minimal essential medium containing 10% HI FCS, 2 mM L-glutamine, 100 U of
penicillin G per ml, and 100 pg of streptomycin per ml. G418 was added to
transfected cell cultures at a final concentration of 200 pg/ml. To confirm inte-
grin expression, transfected cells were stained with monoclonal antibodies
(MAD) to a4/B1 (HP2/1) or a5/81 (SAMI) receptors. These antibodies were
generously provided to us by Stefan Niewiarowski, Temple University School of
Medicine. Flow cytometry confirmed B1 integrin expression and demonstrated
that the a4 subunit-transfected cells expressed a4/B1 but not «5/81 on their

surface and that the o5 subunit-transfected cells expressed a5/81 but not a4/B1
on their surface (Fig. 1).

Parasites. The C,250 variant of Leishmania amazonensis (LV78), expressing
markedly reduced levels of gp63, and the transfection of C,250 with the gene
encoding wild-type gp63 from L. major and with the gp63 gene containing a point
mutation resulting in conversion of the SRYD sequence to SRDD have been
previously described (14, 15). Briefly, plasmids encoding wild-type gp63 and
mutant gp63 were prepared by use of Escherichia coli and isolated by cesium
chloride-ethidium bromide density gradient centrifugation. They were trans-
fected into the gp63-deficient variant of L. amazonensis by electroporation at 400
V with a capacitance of 450 pF. After a 5- to 8-h recovery in drug-free medium,
transfectants were selected with G418 at 20 pwg/ml. Transfectants which emerged
in 1 to 2 weeks were further selected with 200 pg of G418 per ml. Stationary-
phase organisms were used for all experiments unless otherwise stated.

gp63-coated erythrocytes. Recombinant gp63 was generously provided by
Robert McMaster, University of British Columbia, Vancouver, British Columbia,
Canada. Erythrocytes coated with Leishmania gp63 were generated as follows.
2-Iminothiolane (Pierce, Rockford, Ill.) was used to introduce sulfhydryl residues
into gp63 according to the manufacturer’s instructions. Briefly, gp63 (0.5 mg/ml)
was incubated with 0.3 mM 2-iminothiolane in PBS containing 1 mM EDTA (pH
8.0) for 45 min at room temperature. Unreacted 2-iminothiolane was separated
on a PD-10 column (Pharmacia, Piscataway, N.J.). gp63 containing sulfhydryl
groups was coupled to sheep erythrocytes (SRBC) by a modification of a method
described previously (31). Sulfosuccinimidyl-4-(N-maleimidomethyl)-cyclohex-
ane-1-carboxylate (Pierce) at a final concentration of 0.5 mM was incubated with
SRBC (107 cells/ml) in Hanks’ balanced salt solution (HBSS) for 60 min at room
temperature with continuous rotation. The thiol-activated SRBC were washed
four times with HBSS, resuspended in gp63 containing sulfhydryl groups (0.4
mg/ml) to a concentration of 5 X 10® cells/ml, and incubated at room tempera-
ture with continuous rotation for 60 min. The resulting gp63-coated erythrocytes
were washed three times with HBSS and resuspended to a concentration of 10°
cells/ml.

Parasite-binding assays. For radiolabeling, promastigotes were cultivated in
the presence of [*H]uracil (18). Radiolabeled parasites were washed and resus-
pended in phagocytosis buffer, which consists of equal parts of DMEM and
medium 199 buffered with 25 mM HEPES (Mediatech) and supplemented with
1% bovine serum albumin. Parasites were added to 24-well plates containing
either monocyte-derived macrophages on 13-mm-diameter round coverslips or
transfected CHO cells plated directly on the plastic wells the night before. This
overnight incubation allowed transfected cells to adhere tightly to the plastic, but
this amount of time did not allow for significant cellular proliferation in the wells.
For assays performed in the presence of serum, a final concentration of 4%
serum from a patient with a deficiency in the eighth component of complement,
C8D serum (19), was added to each well. Following 45 min of incubation at 35°C,
the wells were washed thoroughly to remove unbound organisms. Monolayers
and bound parasites were solubilized in 0.5% Triton X-100, and the amount of
radioactivity associated with the cell lysates was determined with a Beckman
LS6500 liquid scintillation counter. The absolute number of parasites in each
well was determined by comparing the amount of radioactivity in the lysate to
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FIG. 2. Binding of radiolabeled L. amazonensis gp63 variants to human monocyte-derived macrophages. Radiolabeled promastigotes were added to monolayers of
human monocyte-derived macrophages at a 10:1 ratio in the presence (filled bars) or absence (open bars) of 4% C8D serum as a source of opsonic complement.
Following 45 min of incubation and extensive washing, the number of promastigotes associated with human monocyte-derived macrophages was determined as
described in Materials and Methods. Values represent the mean of four experiments, each performed in triplicate, = the standard error. Statistical significance at the
95% confidence level (P, =0.05), determined with the Student’s ¢ test, is denoted by an asterisk. The inset is an enlargement of the binding of promastigotes to

macrophages in the absence of serum.

that of a standard curve of known numbers of radiolabeled parasites as previ-
ously described (18). All assays were performed in triplicate.

For Leishmania phagocytosis assays, unlabeled promastigotes were added to
monolayers of murine bone marrow-derived macrophages in the presence of 4%
C8D as a source of complement. After 10 min, monolayers were washed and
immediately fixed in methanol. Parasites were stained by immunofluorescence
with a murine polyclonal antiserum to L. amazonensis followed by fluorescein
isothiocyanate (FITC)-conjugated antibody to mouse immunoglobulin G (Jack-
son ImmunoResearch, West Grove, Pa.). In contrast to peripherally attached
promastigotes, internalized organisms were oval and were enclosed within
phagocytic vacuoles.

Binding of '*°I-C3 to promastigotes. Purified human C3 was generously pro-
vided by John Lambris, University of Pennsylvania, Philadelphia. It was radio-
labeled to a specific activity of 1.6 X 10° cpm/pg with IODO-BEADS (Pierce) as
previously described (17). Leishmania promastigotes were resuspended to a
concentration of 10°® cells/ml in dextrose-Veronal buffer with 0.2% gelatin
(dVBG). One hundred microliters of this suspension was mixed with 15 ul of
C8D and 5 pl of '*°I-C3, bringing the final concentration of radiolabeled C3 in
the reaction mixture to 2.5 pg/ml. Samples were incubated for 15 min at 37°C and
pelleted in a microcentrifuge for 3 min at room temperature. Following two
washes with dVBG, parasites were resuspended in 100 wl of dVBG and washed
with HBSS containing 1% bovine serum albumin. Following centrifugation, the
supernatant was discarded, the contents in the bottom of the microcentrifuge
tube, containing the pellet, were removed, and the amount of radiolabel associ-
ated with the cell pellet was determined on a Tracor Analytic Gamma Trac 1191
gamma counter. Nonspecific binding, the amount of radiolabel bound in the
presence of serum which had been heat inactivated (30 min, 56°C) and treated
with EDTA (10 mM), was subtracted from each value. The percentage of total
radioactivity in the reaction mixture that remained associated with the cell pellet
was multiplied by the total number of C3 molecules in the reaction mixture,
assuming the C3 concentration in C8D to be 1.1 mg/ml (17). This product was
then divided by the total number of cells in the reaction mixture to determine the
number of C3 molecules bound per cell.

Erythrocyte binding and phagocytosis. Murine bone marrow-derived macro-
phages were allowed to adhere to 13-mm-diameter glass coverslips and were
washed twice with phagocytosis buffer. Erythrocytes were opsonized with 10%
C8D serum and added to the cells at a ratio of 50:1. Macrophages were incubated
with the opsonized erythrocytes for 1 h at 37°C. Wells were washed with phago-

cytosis buffer in order to remove unbound erythrocytes. In order to differentiate
surface-bound from internalized erythrocytes, parallel macrophage monolayers
were subjected to hypotonic erythrocyte lysis with H,O for 15 s to lyse surface-
bound erythrocytes. Monolayers were then fixed with 2.5% glutaraldehyde and
stained with Giemsa stain (Accura Labs, Bridgeport, N.J.). The number of
erythrocytes per macrophage was quantitated by light microscopy by examining
200 macrophages per coverslip.

Analysis of data. Statistical analysis of all data was performed with Student’s
t test, with statistical significance defined as a P value of =0.05.

RESULTS

Direct binding of Leishmania to human monocyte-derived
macrophages. We examined the interaction of Leishmania
promastigotes with human monocyte-derived macrophages,
with a particular interest in determining the relative contribu-
tion of gp63 to parasite adhesion. Three variants of Leishmania
differing in gp63 expression were used for these studies. The
gp63-deficient variant of L. amazonensis, designated C,250,
and transfectants of C,250 expressing either wild-type L. major
gp63 or gp63 containing a Y-254-D point mutation (SRY/D)
have been previously described (14, 15). These organisms were
added to human monocyte-derived macrophages in the pres-
ence (Fig. 2) or absence of fresh serum as a source of comple-
ment. In the absence of exogenous complement, there was only
a modest degree of direct binding of parasites to human mac-
rophages. Despite this modest degree of direct binding, para-
sites expressing gp63 on their surface bound significantly better
to macrophages than did those lacking gp63 (Fig. 2, inset). This
direct binding of parasites to macrophages was not dependent
on the SRYD sequence of gp63, because an L. amazonensis
variant expressing gp63 with the SRY/D mutation on the sur-
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FIG. 3. Binding of L. amazonensis gp63 variants to CHO cells expressing human fibronectin receptors. Radiolabeled promastigotes were added to monolayers of
CHO cells at a 50:1 ratio for 1 h at 37°C. The number of promastigotes associated with fibronectin receptor-deficient CHO cells (open bars) and CHO cells transfected
with cDNA for the human a4 receptor (CHO «4) (solid bars) or the human o5 receptor (CHO «5) (hatched bars) was determined as described in Materials and
Methods. Determinations were performed in triplicate, and values are expressed as the mean = standard deviation. This experiment is representative of three

experiments.

face bound directly to macrophages as well as did parasites
expressing wild-type gp63. Thus, parasites expressing gp63 on
their surface exhibit a modest degree of direct binding to
human macrophages.

Binding of Leishmania to transfected cells expressing hu-
man fibronectin receptors. Several groups have demonstrated
that gp63 has fibronectin-like properties (22, 29). Conse-
quently, we examined the interaction of Leishmania promas-
tigotes with cellular receptors for fibronectin. Leishmania par-
asites were added to parallel monolayers of transfected CHO
cells varying only in their expression of recombinant human
fibronectin receptors. Exogenous opsonins, such as antibody or
complement, were omitted from the assay to examine the di-
rect adhesion of parasites to these cells. Parasites lacking gp63
(C,250) bound poorly to all three of the cell types examined
(Fig. 3). Parasites expressing wild-type gp63 (pXgp63), how-
ever, exhibited a significant degree of binding to transfected
cells expressing the a4 fibronectin receptor (VLA-4). This
binding was specific, because these parasites failed to bind to
transfected cells expressing the «S5/B1 fibronectin receptor
(VLA-5). Because of the antigenic cross-reactivity of the
SRYD region of gp63 with the RGDS region of fibronectin
(29), we also examined parasites expressing recombinant gp63
lacking the intact SRYD sequence of gp63. Like parasites
expressing wild-type gp63, a variant of L. amazonensis
(SRY/D) expressing gp63 containing a point mutation convert-
ing SRYD to SRDD on the surface bound to cells expressing
the a4/B1 receptor but not to cells lacking fibronectin recep-
tors or to those expressing the a5/B1 receptor (Fig. 3). Thus,

parasites expressing gp63 exhibit modest direct adhesion to
cellular receptors for fibronectin. The specific fibronectin re-
ceptor which mediates this interaction is the a4/B1 fibronectin
receptor. Neither the SRYD region of gp63 nor the o5/B1
receptor, which recognize the RGDS region of fibronectin, is
involved in this interaction.

Complement-dependent binding of Leishmania to human
monocyte-derived macrophages. Parasite adhesion to macro-
phages in the presence of complement was studied in order to
determine the significance of fibronectin-dependent binding
relative to that mediated by complement. In the presence of
complement, parasites bound efficiently to macrophages, as
previously described (18). Fresh serum improved the binding
of all three of the variants (Fig. 2) relative to their binding in
the absence of serum. Surprisingly, however, complement op-
sonization did not improve binding for parasites lacking gp63
as well as it did for parasites expressing gp63. The two variants
expressing gp63 bound significantly better to macrophages
than did the gp63-deficient variant C,250 (Fig. 2). Thus, al-
though parasites expressing gp63 on their surface exhibited
only a modest increase in their direct binding to macrophages
relative to the binding of the gp63-deficient variant, the pres-
ence of complement in the assay accentuated this difference
and resulted in improved binding of gp63-expressing parasites
to macrophages.

To examine the mechanism by which gp63 increased com-
plement-dependent adhesion, the fixation of radiolabeled C3
to the three variants was measured. In the presence of com-
plement, all three of the organisms fixed comparable amounts
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FIG. 4. Binding of L. amazonensis gp63 variants to transfected CHO cells expressing human complement receptors. Radiolabeled promastigotes were added to
monolayers of transfected CHO cells expressing Mac-1 (open bars) or CR1 (hatched bars) or control transfected cells (F185.1) expressing a truncated form of
intracellular adhesion molecule 1 (solid bars), at a 50:1 ratio, in either the presence (+S) or the absence (—S) of serum. The number of promastigotes associated with
each monolayer is expressed as the mean = standard deviation of triplicate determinations. This experiment is representative of three experiments.

of radiolabeled C3, indicating that the reduced binding of the
C,250 variant was not due to a failure to fix complement. In a
single experiment that was performed in triplicate and that is
representative of four experiments, the mean =+ standard de-
viation values were (2.2 + 0.19) X 107>, (1.5 = 0.20) X 107,
and (1.5 = 0.09) X 10~> molecules of ***I-C3 bound by C,250,
pXgp63, and SRY/D, respectively. To confirm that the C3 fixed
to the parasites was opsonic, the three variants of L. amazonen-
sis were added to transfected cells expressing human comple-
ment receptors in the presence or absence of complement (Fig.
4). All three of the organisms exhibited substantial amounts of
complement-dependent binding to transfected cells expressing
either of the two human complement receptors, CR1 or Mac-1
(Fig. 4). The degree of complement-dependent adhesion of
parasites to complement receptors on transfected CHO cells
was far in excess of the degree of direct adhesion of parasites
to B1 receptor-transfected cells (note differences in the ordi-
nates in Fig. 3 and 4). These data demonstrate that all three of
the variants studied can fix comparable amounts of opsonic
complement and bind to transfected cells expressing human
complement receptors. These results suggest that the efficient
complement-dependent binding of parasites expressing gp63
to human macrophages (Fig. 2) is not due to differences in
complement fixation but rather is due to cooperation between
fibronectin and complement receptors.

Role of gp63 in promoting complement-dependent phagocy-
tosis by macrophages. To determine whether fibronectin re-
ceptor ligation could improve not only adhesion but also
phagocytosis, we used complement-opsonized sheep erythro-
cytes to which gp63 had been cross-linked (SRBC-gp63). As
expected, normal sheep erythrocytes opsonized with comple-

ment bound to macrophages but remained peripherally at-
tached rather than being phagocytized (Fig. 5). This observa-
tion confirms the work of several groups who have shown that
on resident macrophages, complement receptors mediate par-
ticle adhesion but not internalization (36). Parallel monolayers
of macrophages were exposed to SRBC-gp63. SRBC-gp63
were internalized far more efficiently than were erythrocytes
opsonized with complement alone. The total number of
SRBC-gp63 found inside macrophages (Fig. 5A) and the num-
ber of macrophages with three or more internalized erythro-
cytes (Fig. 5B) were dramatically increased relative to the data
for erythrocytes opsonized with complement alone.

Similar phagocytosis studies were performed with Leishma-
nia in order to correlate the efficiency of internalization with
gp63 expression. Murine macrophages were chosen for these
assays because a well-characterized MAb to the murine B1
integrins was available to us. Parasites expressing wild-type
gp63 were added to monolayers of macrophages in the pres-
ence or absence of the MAD to the B1 integrins. In the absence
of the antibody, Leishmania parasites were efficiently taken up
by macrophages; by as little as 10 min, the majority of the
parasites were located inside macrophages (Fig. 6), with very
few remaining peripherally attached. The presence of the
blocking antibody to the B1 integrins inhibited parasite inter-
nalization and increased the number of parasites that were
peripherally attached to the macrophages. Parasites lacking
gp63 (C,250) exhibited an intermediate rate of internalization.
About half of the parasites were located inside macrophages,
and a substantial percentage of parasites remained peripher-
ally attached (Fig. 6). These data indicate that parasites ex-
pressing gp63 are internalized more efficiently than those lack-
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FIG. 5. Binding and internalization of SRBC-gp63 by murine bone marrow-derived macrophages (BMM¢). SRBC or SRBC-gp63 were added to parallel
monolayers of murine bone marrow-derived macrophages. After 1 h, all monolayers were washed to remove nonadherent cells. To determine the total number of
erythrocytes associated with 200 macrophages (total), washed monolayers were fixed in 2.5% glutaraldehyde and processed for light microscopy (open bars). To
determine the number of erythrocytes inside macrophages (inside), monolayers were rinsed for 15 s in water to lyse extracellularly bound erythrocytes prior to fixation
and staining (hatched bars). (A) Total number of erythrocytes associated with 200 macrophages. (B) Number of macrophages, out of 200 counted, with three or more
erythrocytes associated with them. This experiment is representative of two independent determinations; error bars show standard deviations.

ing gp63 and that blocking the B1 integrins with an MAb can
inhibit parasite phagocytosis.

DISCUSSION

In the initial portion of these experiments, we examined the
role of Leishmania gp63 in mediating parasite adhesion to
mammalian cells. In vitro parasite adhesion assays were per-
formed with both monocyte-derived macrophages and CHO
cells transfected with fibronectin receptors. In both cases, when
parasites were added to these cells in the absence of opsonic
complement, there was a modest but significant adhesion of
gp63-expressing parasites to these cells relative to the adhesion
of parasites lacking gp63. Although the amount of adhesion
was only modest, there were several degrees of specificity to
this interaction. First, adhesion was specific for the a4/B1 fi-
bronectin receptor, since cells expressing a different fibronec-
tin receptor, a5/B1, failed to show parasite adhesion. Second,
the adhesion of parasites to these cells required gp63, since a
variant of L. amazonensis that expressed minimal amounts of
endogenous gp63 failed to bind to a4/B1 receptor-expressing
cells. Finally, the SRYD region of gp63 was not required for
this interaction, since parasites expressing a mutated form of
gp63 bound to cells as well as did those expressing wild-type
gp63. This work confirms previous studies by others which have
shown that gp63 may be involved in the adhesion of parasites
to macrophages (22, 25, 29) and extends these studies in sev-
eral ways.

First, we identify one of the fibronectin receptors capable of
gp63 recognition. This is the a4/B1 fibronectin receptor. Sec-
ond, we also demonstrate that the SRYD region of gp63 is not
necessary for parasite adhesion to the a4/B1 receptor. Previous
studies have suggested that the SRYD sequence of gp63 may
mediate the adhesion of parasites to fibronectin receptors. This

assumption was based on the observations that the SRYD
region of gp63 is antigenically similar to the RGD sequence of
fibronectin (29) and that fibroblasts plated on gp63 exhibit
enhanced spreading, similar to their spreading on fibronectin
or RGD substrates (22, 37). The results of these previous
studies are consistent with the adhesion of fibroblasts to gp63
being dependent on the SRYD sequence. Our experiments do
not refute this point. In fact, we also observed a low level of
parasite adhesion to fibroblasts which depended on an intact
SRYD domain of gp63 (data not shown), confirming the fi-
bronectin-like character of this sequence. Rather than preclud-
ing a role for the SRYD region of gp63 in binding to fibronec-
tin receptors, our present observations indicate that this region
is not essential for the adhesion of parasites to macrophages.
The lack of reliance on the SRYD region of gp63 for recog-
nition by o4 integrins is consistent with previous reports that
the a4/B1 integrin recognizes an EILDV sequence (12) rather
than an RGD sequence. Although L. major gp63 contains no
EILDV amino acid sequence, it does contain an EYLEV se-
quence (amino acids 318 to 322) (5), which may mimic the
a4/B1 recognition domain. The putative role of this potential
a4/B1 recognition domain in gp63 must be further investigated
in light of previous work in which the LDV region of fibronec-
tin was changed to LEV, with a consequent reduction in the
binding of fibronectin to the a4/B1 receptor (12).

The relatively small amounts of direct binding of parasites to
fibronectin receptors might initially suggest that this interac-
tion has only marginal biological significance. Subsequent data,
however, indicate that this interaction may play a significant
role in parasite adhesion. We show that the binding of gp63 to
the Fn receptors may cooperate with complement-dependent
adhesion to augment the complement-dependent adhesion of
parasites to macrophages. Parasites deficient in gp63 exhibited
markedly less complement-dependent adhesion to macro-
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FIG. 6. Binding and internalization of Leishmania promastigotes by macro-
phages. Leishmania parasites were added to monolayers of murine bone marrow-
derived macrophages in the presence of 4% C8D serum as a source of comple-
ment. After 10 min, monolayers were washed and immediately fixed in methanol.
Parasites were stained by immunofluorescence, and the number of parasites
inside macrophages (filled bars) or peripherally attached to macrophages
(hatched bars) was determined. Parasites transfected with wild-type gp63
(pXgp63) were added to macrophages in the presence (pXgp63 anti-B1) or
absence (pXgp63) of MAb to the Bl integrins (Immunotech, Westbrook,
Maine). The gp63-deficient variant (C,250) was added in the absence of anti-
body. The number of promastigotes associated with each monolayer is expressed
as the mean * standard deviation of triplicate determinations. This experiment
is representative of three experiments.

phages than did parasites expressing gp63 (Fig. 2). The fact
that all three strains fixed comparable amounts of complement
and bound reasonably well to recombinant human comple-
ment receptors (Fig. 4) suggests that this augmentation was
due to cooperation between fibronectin and complement re-
ceptors on macrophages rather than to differences in comple-
ment fixation.

The ability of gp63 to bind to fibronectin receptors not only
may contribute to parasite adhesion but also may play an
important role in promoting parasite internalization by mac-
rophages. Previous studies have shown that complement-op-
sonized Leishmania promastigotes are rapidly and efficiently
internalized by resting macrophages (18). Complement-opso-
nized erythrocytes, in contrast, form rosettes around resting
macrophages but are generally not efficiently internalized (36).
Internalization of complement-opsonized particles may de-
pend on the ligation of a second class of receptors to cooperate
with complement receptors. In other model systems, the re-
ceptors for fibronectin have been implicated in this cooperative
role (21, 35). In the present work, we show that both Leish-
mania organisms and erythrocytes coated with gp63 are effi-
ciently internalized by resting macrophages. This internaliza-
tion is blocked by an MADb to the 1 integrins, suggesting that
fibronectin receptors may participate in parasite internaliza-
tion. The delayed phagocytosis of the gp63-deficient variant
C,250 is consistent with gp63 being a ligand for these recep-
tors. The fact that this variant does eventually enter macro-
phages suggests that gp63 may not be the only fibronectin-like
molecule on Leishmania.

Our previous experiments demonstrated that gp63 could
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participate in the interaction of promastigotes with macro-
phages by influencing complement fixation (4). The present
experiments indicate a second way in which gp63 may facilitate
the infection of macrophages by promastigotes. By interacting
with cellular receptors for fibronectin, gp63 stabilizes the com-
plement-dependent adhesion of parasites to macrophages and
allows their rapid and efficient internalization.
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