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We investigated the effects of the extracellular matrix proteins laminin and fibronectin on the attachment of
tachyzoites of Toxoplasma gondii to the murine macrophage cell line J774. Laminin but not fibronectin
increased parasite attachment to J774 cells in a dose-dependent fashion. Cyclic YIGSR, a laminin-derived
peptide which inhibits laminin binding to the 32/67-kDa laminin-binding protein on host cells, blocked the
laminin-mediated enhancement of parasite attachment. An antiserum to the 32/67-kDa laminin-binding protein
also inhibited binding of parasites to J774 cells. These results, in conjunction with our previous observations
(G. C. Furtado, F. L. Collins, and K. A. Joiner, submitted for publication), demonstrate that tachyzoites
bearing surface laminin bind to multiple laminin receptors in attaching to different target cells.

Tachyzoites of Toxoplasma gondii attach to and invade
essentially all nucleated cells. The ligands and receptors
mediating initial attachment are therefore likely to be varied,
ubiquitously distributed, or both. We recently found that
tachyzoites harvested from either tissue culture or mice bind
to the B1 integrin laminin receptor, a6p1, on Chinese ham-
ster ovary (CHO) cells and human foreskin fibroblasts (HFF)
(5a). We also demonstrated that parasites harvested from
either tissue culture or mice are coated with laminin and that
parasite-bound laminin mediates attachment to a6pl. It is
not clear whether tachyzoites attach to a6B1 or to other
receptors on different mammalian cells.

A variety of laminin receptors have been described. The
widely distributed 32/67-kDa laminin-binding proteins (32/
67-kDa LBP) were the first laminin receptors to be identified
(15, 18, 21). Although both 32- and 67-kDa molecules bind to
laminin, molecular characterization of the 67-kDa molecule
remains incomplete (29). Four members of the 81 integrin
family (al1B1, o281, «3B1, and a6B1) (6, 9, 14, 25, 26) and
one member of the B3 integrin family («VB3) (13) function as
laminin receptors on different cell types. Additional laminin
receptors include the 55/65-kDa chicken and rat muscle LBP
(8), the 35-kDa Mac-2 galactose-binding molecule on murine
macrophages (30), and a 110- to 120-kDa receptor on neu-
ronal cells (3).

Laminin is the most abundant glycoprotein in basement
membranes. It consists of three large polypeptide chains,
Bl, B2, and A, held together in a cruciform structure
(reviewed in references 12 and 19). Laminin interactions
with cell surface molecules and receptors promote cell-cell
adhesion, migration, and cell differentiation (reviewed in
reference 19). Seven synthetic peptides derived from the
laminin sequence have been identified as active sites for cell
binding (reviewed in reference 31). The YIGSR peptide from
the short arm of the B1 chain inhibits binding (7) of laminin
to the 32/67-kDa LBP (15, 18, 21, 29). More recently, the
PA22-2 peptide from the carboxyl end of the long arm of the
A chain, containing the sequence IKVAYV, has been reported
to bind the 67-kDa LBP as well as molecules of 36, 45, and
80 kDa on hepatocytes (2). RGD-containing peptides do not
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generally inhibit the interaction of laminin with cells (4, 6),
and the RGD site is reported to be cryptic in intact laminin
(1). Although the relationship among these various mole-
cules is unknown, the results imply that binding of laminin to
the LBP group of receptors can be mediated by peptides
from different sites on the laminin molecule.

We show in this paper that laminin augments attachment
of T. gondii to J774 cells, and we demonstrate that the
laminin-mediated augmentation is mediated in part by the
32/67-kDa LBP. These results, in conjunction with our
previous observations (5a), demonstrate that tachyzoites of
T. gondii recognize multiple laminin receptors in attaching to
different target cells.

MATERIALS AND METHODS

Buffers and reagents. Hanks balanced salt solution, pH
7.4, containing 1 mM CaCl,, 1 mM MgCl,, 1% (wt/vol)
glucose, 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid; Calbiochem-Behring Diagnostics, La
Jolla, Calif.), and 5 U of preservative-free heparin per ml
was used to harvest tachyzoites from mice.

Laminin was isolated from the Engelbret-Holm-Swarm
tumor as described elsewhere (28). Human fibronectin was a
generous gift from Alex Kurosky, Galveston, Tex. The pep-
tides cyclic YIGSR, YIGSK, cyclic RGDS, and GRGESP
were synthesized in an automated model 430A synthesizer
(Applied Biosystems, Inc., Foster City, Calif.) as described
before (7). All the peptides gave a single major peak when
analyzed by high-pressure liquid chromatography on a C18
reverse-phase column. All the peptides were resuspended in
Hanks balanced salt solution buffer and used at a final
concentration of 300 pg/mi.

Anti-32/67-kDa LBP antiserum was a generous gift from
Yoshihiko Yamada, Bethesda, Md. A B-galactosidase fusion
protein containing the nearly full-length LBP was expressed
by using the pEX vector, and rabbits were immunized with
purified inclusion bodies (2). The structures of laminin,
peptide sequences within laminin, and selected receptor-
binding sites are shown in Fig. 1.

Cell culture. All cells were cultured at 37°C under a 5%
CO, atmosphere in 75-cm? tissue culture flasks (Corning,
Corning, N.Y.) and passed when confluent. The J774 mac-
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FIG. 1. Structure of laminin. Schematic drawing of laminin
showing locations of the peptide sequences YIGSR (7), RGD, and
PA22-2 (IKVAV) (27). Cell attachment sites and receptors are
indicated in the boxes. The 32/67-kDa LBP is referred to in the figure
as 67 kDa LBP. a6B1 and 3Bl integrin receptors bind to the
proteolytic fragments E8 and E3, respectively. Globular domains
predicted by the laminin sequence and observed by electron micros-
copy are shown by filled circles.

rophage cell line was maintained in RPMI medium contain-
ing 10% heat-inactivated fetal bovine serum (GIBCO BRL,
Gaithersburg, Md.). CHO cells were maintained in minimal
essential medium-alpha (MEM-a) (GIBCO BRL) supple-
mented with 2 mM L-glutamine, 3.5% fetal bovine serum,
100 U of penicillin G potassium per ml, and 200 pg of
streptomycin sulfate per ml. Human foreskin fibroblasts
(ATCC CRL-1521) were grown in supplemented MEM-a
containing 10% fetal calf serum.

For use in experiments, cells were detached from tissue
culture flasks with 0.04% trypsin and 0.05% EDTA, washed,
and added to sterile 13-mm round coverslips (Fisher Scien-
tific, Pittsburgh, Pa.) individually placed in a 24-well tissue
culture plate. J774 cells were plated at 5 x 10* cells per
coverslip, and CHO cells were plated at 10* cells per
coverslip. After 1 h of incubation at 37°C, the coverslips
were washed once to remove nonadherent cells and then
incubated overnight at 37°C. Prior to use in parasite attach-
ment assays, the coverslips containing the cells were washed
three times in medium without fetal calf serum.

Parasites. Tachyzoites of T. gondii RH were harvested
from BALB/c mice by closed peritoneal lavage 2 days after
intraperitoneal inoculation of 1 X 107 to 2 x 107 organisms or
from infected human fibroblast monolayers as previously
described (5, 11). Intact host cells were pelleted by centrif-
ugation at 80 x g for 8 min at 4°C. Free tachyzoites from the
supernatant fraction were then pelleted by centrifugation at
1,250 x g for 8 min at 4°C, suspended in assay buffer, and
counted. Viability was assessed by trypan blue exclusion.
Preparations were used only if parasites were more than 95%
viable by trypan blue exclusion and contained fewer than 1%
contaminating host cells.

Immunofluorescence. CHO and J774 cells previously
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plated on coverslips were fixed with 4% paraformaldehyde
diluted in phosphate-buffered saline (PBS) for 30 min at
room temperature. Free aldehyde groups were then blocked
with 50 mM ammonium sulfate for 30 min at room temper-
ature. Coverslips were incubated for 30 min with 10% goat
serum, and then either rabbit anti-32/67-kDa LBP or normal
rabbit serum was added to cells at a 1:50 dilution for 1 h at
room temperature. Coverslips were washed three times with
PBS buffer, and a 1:100 dilution of fluorescein-conjugated
goat anti-rabbit immunoglobulin G (Zymed Laboratories,
South San Francisco, Calif.) was added to the cells for 1 h at
room temperature. After the cells were washed three times
with PBS, the slides were mounted in Mowiol (Calbiochem).
Coverslips were photographed with a Nikon Microphot-
FXA fluorescence microscope (Nikon, New York, N.Y.)
using Tri-X Pan 400 film (Kodak, Rochester, N.Y.).

Attachment assay. Tachyzoites resuspended in MEM-a
containing 0.1% bovine serum albumin were added to J774
and CHO cells previously plated on coverslips to achieve
final parasite/cell ratios of 5:1 and 10:1, respectively. The
coverslips containing the J774 and CHO cells were incubated
for 50 and 120 min, respectively, at 37°C in 5% CO, and then
washed three times with medium to remove unattached
parasites. Cells were then fixed with absolute methanol for 5
min and stained with Leukostat (Fisher Scientific) according
to the manufacturer’s instruction. The coverslips were
mounted on slides with Mowiol (Calbiochem), and the
parasites and infected cells were counted by phase-contrast
microscopy. The following determinations were made after a
population of at least 300 cells was counted on each cover-
slip: (i) percentage of infected cells, (ii) number of parasites
per 100 cells, and (iii) number of parasites per 100 infected
cells. Only results from ii are shown, since the conclusions
were identical regardless of which parameter was analyzed.
No attempt was made to distinguish between attached and
internalized parasites.

Effects of laminin and fibronectin on tachyzoite attachment.
Tachyzoites in MEM-a medium were incubated for 1 h at
37°C either with 25 pg of fibronectin per ml or with various
concentrations of laminin. The entire mixture was then
added to J774 cells plated previously on coverslips, and
incubation proceeded for an additional 50 min at 37°C. Cells
were than washed three times, fixed with absolute methanol,
and stained as described above.

To test the effects of specific peptides in blocking laminin-
dependent attachment, tachyzoites were incubated with 300
ng of cyclic YIGSR, YIGSK, cyclic RGDS, or GRGESP in
MEM-a for 20 min at 37°C. Following incubation with
peptide or buffer, laminin (25 pg/ml) was added to the
samples, and incubation proceeded for an additional 50 min
at 37°C. Finally, without being washed, the parasites were
added to CHO or J774 cells on coverslips at a 10:1 parasite/
cell ratio. Incubation was continued at 37°C for either 50 min
(J774 cells) or 2 h (CHO cells), and coverslips were pro-
cessed as detailed above.

Effect of antibodies to 32/67-kDa LBP on tachyzoite attach-
ment. The effect of anti-32/67-kDa LBP antibodies on para-
site attachment to cells was examined. J774 cells were
incubated with 1:10, 1:50, and 1:250 dilutions of anti-32/67-
kDa LBP antiserum in MEM-a containing 4% normal rabbit
serum for 30 min at 37°C. Tachyzoites were incubated for 30
min at 37°C with either buffer or laminin at 25 pg/ml,
washed, and suspended in MEM-a-4% normal rabbit serum.
Parasites were added to J774 cells at a parasite/cell ratio of
10:1 in the continuous presence of anti-32/67-kDa LBP
antiserum. Incubation proceeded for an additional 1 h at
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FIG. 2. Effects of laminin and fibronectin on T. gondii attach-
ment to J774 cells. Tachyzoites of T. gondii were coated with 25 pg
of laminin or fibronectin per ml or with buffer alone prior to addition
to J774 cells. Coverslips were processed, and the number of
parasites per 100 cells was determined as described in Materials and
Methods. The results represent the mean + standard deviation for
two or three experiments, each one done on duplicate coverslips. At
least 300 cells were counted for each coverslip. '

37°C. Coverslips were fixed and stained as described above,
and the number of parasites per 100 cells was determined.

RESULTS

Laminin promotes T. gondii attachment to J774 cells. Lami-
nin and fibronectin were tested for their capacities to aug-
ment 1. gondii attachment to monolayers of J774 cells.
Tachyzoite attachment was substantially enhanced when
laminin at 25 pg/ml was added to the parasites prior to
addition to cells (Fig. 2). The enhancement was dose depen-
dent, and a half-maximal effect was achieved at an approx-
imate concentration of 25 pg/ml (Fig. 3). A concentration of
25 pg/ml was used for all subsequent experiments. Fibronec-
tin at 25 pg/ml showed no effect on parasite attachment to
cells (Fig. 2). Similar results were observed with CHO cells
and HFF (5a).

Pentapeptide YIGSR inhibits laminin-mediated enhance-
ment of T. gondii attachment to J774 cells but not to CHO
cells. In order to demonstrate the specific nature of the
laminin enhancement and to identify the regions of laminin
that might be involved in this process, we tested various
biologically active laminin-derived peptides (Fig. 1) for their
abilities to block the attachment of tachyzoites to cells.
Addition of cyclic YIGSR (7), a peptide sequence within the
B1 chain of laminin, almost totally abrogated the laminin
enhancement of tachyzoite attachment to J774 cells (Fig.
4A). No inhibition was observed with CHO cells (Fig. 4B).
On the other hand, addition of cyclic RGDS (22) did not
inhibit laminin enhancement with either J774 (Fig. 4A) or
CHO (Fig. 4B) cells. Control peptidle GRGESP (4) or
YIGSK (7) also resulted in no significant inhibition (Fig. 4A).
Addition of the peptides in the absence of exogenous laminin
did not inhibit parasite attachment in comparison to addition
of buffer (not shown). Since laminin binding via the YIGSR
sequence has been found to involve an interaction with the
32/67-kDa LBP (7), we sought to determine if a similar cell
surface protein was involved in laminin-mediated tachyzoite
attachment to J774 cells.

Antibody to 32/67-kDa LBP blocks binding of laminin-
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FIG. 3. Dose response effect of laminin on the attachment of 7.
gondii to J774 cells. Tachyzoites were coated for 50 min at 37°C with
different concentrations of laminin prior to addition to J774 cells.
Infection proceeded for an additional 50 min at 37°C. Coverslips
were processed as described in Materials and Methods. All experi-
ments were done on duplicate coverslips; at least 300 cells were
counted on each coverslip. Laminin augmented parasite attachment
by 2.5- to 3-fold in all experiments (n = 3), only one of which is
shown.

coated and native T. gondii to J774 cells. We measured the
ability of anti-32/67-kDa LBP antiserum to inhibit parasite
attachment to J774 cells. Addition of 32/67-kDa LBP antise-
rum blocked binding of laminin-coated tachyzoites to J774
cells in a dose-dependent fashion (Fig. 5A). Anti-32/67-kDa
LBP also blocked attachment of native parasites to J774 cells
(Fig. 5B), consistent with the presence of laminin on native
organisms (5a).

32/67-kDa LBP differs in expression and distribution on
J774 and CHO cells. The expression of 32/67-kDa LBP on
J774 and CHO cells was examined by immunofluorescence.
The 32/67-kDa LBP staining is more intense and localized to
the cell perimeter in J774 cells (Fig. 6A) compared with the
weak immunofluorescence pattern of the 32/67-kDa LBP
staining in CHO cells (Fig. 6B). Additional analysis of the
staining pattern by confocal microscopy confirmed that
32/67-kDa LBP had a diffuse cytoplasmic localization in
CHO cells. Hence, the pattern of immunofluorescence stain-
ing for 32/67-kDa LBP in J774 and CHO cells correlates with
the level of blocking of parasite attachment by the YIGSR
peptide and the anti-32/67-kDa LBP antibody.

DISCUSSION

Tachyzoites of T. gondii can invade all nucleated cells, but
little is known about the ligands and receptors involved. In
the present report, we demonstrate that laminin, but not
fibronectin, enhances the attachment of tachyzoites of T.
gondii to J774 cells. In contrast to CHO cells, however,
laminin-augmented binding to J774 cells is blocked by the
synthetic peptide YIGSR and by antibody to 32/67-kDa
LBP, implicating the 32/67-kDa LBP molecule in parasite
attachment.

The inability of the cyclic YIGSR peptide to inhibit
laminin-mediated enhancement to below baseline levels
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FIG. 4. Effects of laminin peptides on T. gondii attachment to J774 and CHO cells. Parasites were coated with 300 ug of cyclic YIGSR
or cyclic RGDS per ml or with the control peptides YIGSK and GRGESP prior to incubation with buffer containing 25 g of laminin per ml.
All the mixtures were then added to J774 cells (A) or CHO cells (B) for an additional incubation of 50 or 120 min, respectively, at 37°C.
Coverslips were processed, and the number of parasites per 100 cells was determined as described in Materials and Methods. The results
represent the mean * standard deviation for two or three experiments, each one done on duplicate coverslips. At least 300 cells were counted

for each coverslip.

(Fig. 4) suggests either that receptors other than 32/67-kDa
LBP are involved in parasite binding to J774 cells or that
laminin-coated tachyzoites bind to the cell 32/67-kDa LBP
via a YIGSR-independent site. Support for the former pos-
tulate derives from the incomplete inhibition of parasite
attachment with anti-32/67-kDa LBP antiserum (Fig. 5),
although the extent of inhibition with this antiserum may
have been artifactually low (see below). Macrophages ex-
press at least three different laminin binding molecules, the
32/67-kDa LBP (10, 20), the 61 integrin receptor (20), and
the Mac-2 antigen (30). In resting cells, both 32/67-kDa LBP
(20) and Mac-2 are major surface components (30). Phorbol
myristate acetate-stimulated but not resting mouse perito-
neal macrophages attach to laminin predominantly via a681,
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an event associated with cytoskeletal anchoring of the a6p81
receptor and with phosphorylation of the cytoplasmic do-
main of the a6 but not the Bl subunit (23). In our experi-
ments, neither antibodies to the a6 or Bl chains of the
integrin family nor antibodies to Mac-2 blocked parasite
attachment to unstimulated J774 cells (data not shown).
Thus, additional receptors mediating attachment are likely to
be identified.

Anti-32/67-kDa LBP antiserum recognizes laminin-binding
molecules on T. gondii (5b), potentially confounding the
results shown in Fig. 5. Nonetheless, it is unlikely that the
anti-32/67-kDa LBP antiserum inhibited attachment by bind-
ing to the parasites, since similar results were observed
whether or not excess anti-32/67-kDa LBP antiserum was

B
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FIG. 5. Inhibition of tachyzoite binding to J774 cells with anti-32/67-kDa LBP antibodies. Target cells were incubated with anti-32/67-kDa
LBP antiserum at 1:10, 1:50, and 1:250 dilutions in MEM-« buffer containing normal rabbit serum for 30 min at 37°C. The normal rabbit serum
did not recognize tachyzoites by either immunofluoresence or immunoblotting. Native tachyzoites (B) or tachyzoites previously coated with
25 pg of laminin per ml (A) were added to the J774 cells, and incubation proceeded for 50 min at 37°C. Coverslips were processed, and the
number of parasites per 100 cells was determined as described in Materials and Methods. The results represent the mean + standard deviation
for two or three experiments, each one done on duplicate coverslips. At least 300 cells were counted for each coverslip.
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FIG. 6. Distribution of 32/67-kDa LBP on J774 and CHO cells.
J774 and CHO cells were plated on coverslips for 16 h and stained by
immunofluorescence with antibodies to 32/67-kDa LBP. Intense
surface staining for 32/67-kDa LBP was observed in J774 cells (A),
whereas minimal staining was observed in CHO cells (B). Negative
staining was seen with the normal rabbit serum (C).

washed from the J774 cells prior to addition of parasites.
Rather, the extent of attachment inhibition due to blockade
of the 32/67-kDa LBP molecule was probably an underesti-
mate, since parasites may have been opsonized by the
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antiserum and attachment may have thereby been artifactu-
ally increased. Insufficient antiserum was available to pre-
pare F(ab’), or Fab fragments of anti-32/67-kDa LBP immu-
noglobulin G, which would have allowed a more dcfinitive
approach to this issue.

Laminin receptors have been identified on a variety of
organisms, including Trichomonas vaginalis (24) and Staph-
ylococcus aureus (17). Although the receptors in these two
organisms vary greatly in molecular weight (118 kDa in T.
vaginalis and 55 kDa in S. aureus), they are both recognized
by a monoclonal antibody (1.H12) to the S. aureus receptor.
This antibody immunoprecipitates a 67-kDa protein from
mouse melanoma cells, suggested to be 32/67-kDa LBP (16,
17). It is not known whether laminin binding to T. vaginalis
and S. aureus is mediated by the YIGSR domain of the
molecule. We have previously shown that laminin binds to
tachyzoites in a specific and saturable manner and that
addition of the YIGSR peptide does not block this interac-
tion (5a). Identification of the laminin domains which bind to
tachyzoites and of the laminin domains which mediate
subsequent cell binding will be necessary to fully character-
ize the participation of laminin in the process of T. gondii
attachment to cells.
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