
Toxoplasma gondii : Fusion Competence of 
Parasito~horous Vacuoles in Fc Receptor- 

I 

Transfected Fibroblasts 

After actively entering its host cells, the protozoan para- 
site Toxovlasma ~ o n d i i  resides in an intracellular vacuole 
that is cAplete& unable to fuse with other endocytic or 
biosynthetic organelles. The fusion blocking requires en- 
trv of viable oreanisms but is irreversible: fusion comDe- 
tence of the va&ole is not restored if the parasite is kded 
after entry. The fusion block can be overcome, however, 
by altering the parasite's route of entry. Thus, phagocyto- 
sis of viable antibodv-coated T .  ~ o n d i i  bv Chinese hamster 
ovary cells transfeAed with m~croph~ge-lyrnphocyte PC 
receptors results in the formation of vacuoles that are 
capable of both fusion and acidification. Phagocytosis and 
fusion appear to involve a domain of the Fc receptor 
cytoplasmic tail distinct from that required for localiza- 
tion at clathrin-coated pits. These results suggest that the 
mechanism of fusion inhibition is likely to reflect a 
modification of the vacuole membrane at -the time of its 
formation, as opposed to the secretion of a soluble 
inhibitor by the parasite. 

T oxoplasma gondii I s  A PROTOZOAN PARASITE THAT IS PARTIC- 

ularly adept at productively infecting mammalian cells. Al- 
though susceptible to oxidative killing (I), T, gondii efficient- 

ly enters macrophages without triggering the production of hydro- 
gen peroxide (H202) or other toxic oxygen metabolites (2, 3). 
Moreover, after entering phagocytic and nonphagocytic cells, the 
parasite resides within a vacuole that fails to fuse with preexisting 
secondary lysosomes or to lower its internal pH (4, 5) .  Although the 
general features of T. gondii entry have been known for years, the 
mechanisms underlying these processes are not understood. 

Tachyzoites of T, gondii attach to, invade, and replicate within all 
nucleated cells. During and after entry, tachyzoites discharge secre- 
tory organelles (6) (rhoptries and dense granules), enhancing cell 
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entry (7) and resulting in the accumulation of one or more parasite- 
derived proteins in the newly formed parasitophorous vacuole space 
and, perhaps, in the parasitophorous vacuole' membrane (8). Thus, 
the lack of fusion and acidification of vacuoles containing T. gondii 
vacuoles may occur either because the parasite produces an inhibitor 
of these processes, possibly by exocytosis, or because at the time of 
entry the parasite specifies the formation of a vacuole membrane that 
lacks signals needed for fusion with other intracellular compart- 
ments. Distinguishing between these two processes may not only 
suggest new therapeutic strategies for T. gondii infections, but also 
may provide new insights into the process of membrane recognition 
and fusion in general. 

Absence of lysosomal membrane glycoproteins in vacuoles 
bearing live T. gondii. In previous studies of phagosome-lysosome 
fusion during T. gondii entry, light and electron microscopy were 
used to monitor the transfer of previously internalized endocytic 
tracers from lysosomes to the parasitophorous vacuole. These assays 
have been difficult to interpret and quantify, and may also systemati- 
cally result in overestimation of the degree of fusion inhibition (9). 
We developed an approach with the use of endogenous markers to 
visualize directly the fusion of the lysosomal and vacuole mem- 
branes. The lysosomal membrane is enriched in a conserved family 
of heavily glycosylated membrane proteins designated lysosomal 
glycoproteins (Igp's) (10). Since Igp's are largely absent from the 
plasma membrane (10, I I ) ,  incoming phagocytic vacuoles would be 
expected to contain Igp's only after fusion with lysosomes. 

T o  determine whether internalized T. gondii reside within vacu- 
oles that were negative for Igp's, Chinese hamster ovary (CHO) cells 
were infected with viable tachyzoites (12), then analyzed at intervals 
by immunofluorescence with monoclonal and polyclonal antibodies 
to lgp120 or lgp96 or lgp58 (10-13). Only a small percentage (up to 
16 percent in one experiment, but generally less than 5 percent) of 
vacuoles containing live parasites stained with antibody to Igp 
(anti-lgp) (Fig. 1, A and B, and Table 1). Vacuoles remained Igp- 
negative as parasites replicated intracellularly (Fig. 1, E and F); 
the low frequency of Igp staining was observed in cells infected for 
up to 38 hours, by which time individual vacuoles contained up to 
40 tachyzoites. In contrast, vacuoles in C H O  cells containing 
heat-killed tachyzoites were almost invariably Igp-positive even 
shortly after entry (Fig. 1, C and D, and Table 1). Similar results 
were obtained for internalization of tachyzoites by the J774 
murine macrophage cell line. These results show that Igp staining 
permits a definitive assessment of fusion with lysosomes, and that 
only vacuoles containing live parasites fail to fuse with Igp- 
positive compartments. 
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Complete fusion incompetence of vacuoles contaiaing T. 
gondii. The fact that vacuoles failed to acquire Igp's even after long 
periods of infection (more than 24 hours) suggested that they were 
also unable to fbe with nodysosomal organelles, such as late 
endosomes and Golgi-derived transport vesicles, that contain lower 
Igp concentrations (10, 14). Thus, it seemed likely that the parasite 
was able to effect a complete fusion block, preventing the vacuoles 
fiom fusing with any endocytic or biosynthetic organelle. To 
characterize the extent of the fusion block further, we next deter- 
mined whether parasitophorous vacuoles were able to fuse with 
newly labeled endosomes. CHO cells were allowed to internalize 
various fluorescent tracers of fluid phase endocytosis [lucifer yellow 
(LY), fluorescein isothiocyanate dextran, Texas red ovalbumin], 
either before or after parasite entry. In cells infected with live 
tachyzoites and incubated fbr 10 minutes with LY (19, conditions 
that selectively label endosomes, very little tracer was delivered to 
parasitophorous vacuoles (Fig. 2, A and B, and Table 1). In 
contrast, most vacuoles containing dead parasites were LY-positive 

Phase LGP 

under the same conditions (Fig. 2, C and D). Similar results were 
obtained when infected cells &re incubated for 30 or 60 minutes 
with LY, conditions s a d e n t  to deliver LY to lysosomes (15). Thus, 
live T. gondii reside within vacuoles that are unable to fuse with 
either endosomes or lysosomes. As was suggested previously (8, the 
vacuoles were also unable to lower their internal pH, as indicated by 
their inability to accumulate the pH-sensitive fluorescent weak base 
acridine orange (16) (Table 1). 

We next examined the question of whether the inability of newly 
formed vacuoles to fuse was irreversible or was dependent on the 
viability of the parasite after entry. E, for example, vacuole fusion 
was blocked as a result of the continuous secretion of one or more 
inhibitory substances, killing intracellular tachyzoites should result 
in eventual fusiin of vacuoles with lysosomes. CHO cells were 
id& with live T. gondii, and 2 hours later the cells were treated 
with 10 pb4 pyrhethamine, an inhibitor of parasite dihydrofblate 
reduaasc, which eflkdvely kills intracellular tachyzoites (17). Pyri- 
methamine treatment of infected CHO cdls completely prevented 
the replication of intracellular organisms. Moreover, parasite-con- 
taining vacuoles, easily identified by light microscopy or by immu- - - 
nd&rescent staining with antiserum to T. gondii (anti-T. gondii), 
progressively disappeared over the mxt 36 to 48 hours. Vacuoles 
containing dead parasites remained negative for Igp staining (Fig. 1, 
G and H). Thus, although the fusion inhibition was dependent on 
the entry of live parasites, this requirement was d e s t e d  only at 
the time of entry (18). Since the viability of internalized organisms 
.was not require& it unlikely that T. gondii continuously releases a 
soluble inhibitor that controls vacuole fusion. This conclusion is 
fUrdKlr supported by the observation that a single host cell infected 
by a mixed population of nonviable and live organisms can contain 
both fusion-petent and fusion-incompetent vacuoles at the same 
time (Fig. 1B). 

Route of parasite entry and tabupent fusion competence of 
the vacuok, In macrophages, the b h  in lysosome fusion and 
addifitation can be overcome by coating live parasites with speci6c 
antibody prior to cell entry (5, 19, 20), implying that the route of 

Fig. 1. InnmmoBuomt staining of T. gondii vacuoles with antibodies to 
Igp. CHO-B1 c& (A, B, and E to H) and CHO-B2 & (C and D) wcre 
i n f d  with tachyzoites of T. gondii. The RH strain of T. gondii was used for 
all cxpmhm~.  Tachyzoitcs wcre suspended in alpha minimal essential 
medium afm being harvested from cithcr the pctitoneai cavities of 6- to 8- 
wcck-ohi BALBIc mice (Chules River) 3 days afm dK mice had been 
inoculated with 5 x 106 organisms, or from continuous culture in a human 
fibroblast monolayer, as described (10). Tachyzoitcs (25 4 )  at 1 X 107/ml in 
alpha minimal csscntial medium wcre added to 300 4 of mcdia overlaying 
cova slips containing CHO ells (ratio of pamite to ceJl, 10 : 1) in 2.4-well 
tissue culture plates. Thc plates wcre incubated (37°C in 5 perrtnt a*), 
then washed with butfer at mom temperature. Cowr slips wcre drod for 2 
hours in 3 pcrcent paraformaldchydc, then permabilized in phasphate- 
buffaed saline (PBS) containing 0.005 pcrcent saponin and 10 percent 
normal goat serum. Cover slips wcre incubated scquenaaUy with primary 
and secondary antibodies for 2 hours each in the same b d k .  Murine 
monodonal antibody E9A, recognizing an Igp of % kD in CHO cdls (13), 
was uscd as the primary antibody. Equivalent results wcre obtained with 
mowdonal antibody 1C9, rcqnkhg an Igp of 58 kD and with polycbnal 
antknm to Igp 120. Covcr &ps were mounted in Mowiol (Calbiochem) 
and slid= wcre examined bv vhasc contrast (A, C, E, and G) and 

(B, D, F, and H) -micmscopy at x 1000 in a -%cis Axiophot  mim mom. ptmtomaohic film was TriX Pan 400. amxd and 
de~d~ped at 1600 &A. ~ivc "&itcs wcre ~UOWUI to &US for 2 
hours (A and 6)  or 22 hours (E to H). Heat-killed tachyzoias wcre 
incubated with cells for 2 hours (C and D). In (0) and (H), cells hkctcd for 
2 hours wcre then incubated fbr an additional 20 hours in 10 p M  

. Selected vacudcs (arrows) show either thc presence or 
stainhg. Although the single vacuole in (G) h cvidcnt by 

phasecontrast miamcopy, most vacuoles in ~ c t r c a t c d  ceUs 
were indistinct and wcre only d d  by imrnunof luo~t  staining with 
antibodies to T. gondii. 
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1- 1. Vacuok-lysosome fusion, vacuolc-cndosotnc hion, and vacuok 
acidification for parasites entering t ramhed CHO-B1 cdb. Numbas 
represent the -.(range) of positive vacudes in N apabcnts done 
on duplicatccovashps mwhich at l as t  50 vacuoleswatcounadfbre?Eh 
cover slip. Results for a 1: 50 dilution of polydod antibody to p30 arc 
shown. Dilutions of 1:U)O and 1: 800 gave 59 and 18 pacent lgp-poc ' ' 
vacuoles and 62 and 14 percent FcR-pitivc vacuoks, mpaxivdy. 
lucifer ydlow; AO, acridinc orange. 

b+ LY+ AO+ FcRr 
T. gondii 

% * N % N %  N % N  
-- - 

Live 3-16 14 . 3-6 4 P l l *  3 3-13 8 
Heat-killcd 92-98 11 58-87 4 63-84 2 17-24? 6 
Live + and p30 87-92 4 62-75 3 58-76 2 8694 4 

* M i m d d y a s ~ i K u W ~ ~  2 ml) for 10 minutes at 
37°C. MOM)- were washed and munawd UmitlivtEdlswac 
aamincd by phasciwa;lst or epiAuomcencc 

hXW 
Thismidinc 

~ g p - ~ ~ h a n a t * r ~ n * ~ ~ ; ~ ~ , m i n * ~  
wcrc rc bad4 wieh acridine orange rior to inbbn, in orda to phagc~lyw- 

osltivevacmkswerrfaindystaudincomprri- some fftplon or parastn wbility. t% ' 
son to vacuoks containing antibody-sensitized tachyzoitcs. 

entry determines the fusion potential of the vacuole. Interpretation 
is complicated by the fact that binding of antibody-coated parasites 
to receptors for the constant region ofhmmoglobulin G ( 1 6 )  [Fc 
receptors (FcR)] in macrophages also triggers generation of toxic 
oxygen metabolites capable of killing the parasite (2). The fact that 
h i o n  was observed under these conditions would simply d e c t  the 
i n e t i o n  of nonviable parasites. To ditlkentiate between these 
two possibilities, we analyzed the entry and fite of live T. gondii in 
CHO cells tramkc& with murine macrophage and lymphocyte 
IgG Fc receptors (FcRU-B2 or FcRII-Bl, rcspoctively, which are 
isoforms) (21-23). Unlike macrophap, the transfected CHO cells 
did not generate a respiratory burst afkr binding or entry of 
antibody-coated parasites (24). 

Viable tachyzoites were opsonized with various dilutions of 
monoclonal or polydonal antibodies to diferent T. gondii surface 
proteins (25), and then incubated with FcRII-expressing CHO cells 
at 37°C for 1 to 4 hours &re h t i o n  for immunofluorescence. 
IgG-coated T. gondii were &ciently internaked by the am&cted 
cells. Intracellular parasite-containing vacuoles were enriched in FcR 
(Fig. 3B, FcR), as arpcctcd for FcR-mediated phagocytosis (26). In 
contrast, little or no FcR was detected in vacuoles after the enay of 
uncoated live or heat-killed parasites into the transfected cells (Table 
1). 

Virtually all of the vacuoles containing IgG-coated T. gondii 
rapidly fused with lysosomes, as indicated by the Eda that each FcR- 
positive vacuok was also positive for Igp staining (Fig. 3A, Igp). 
The vacuoles were also capable of fusing with endosomes, as they 
were accessible to labeling with LY (Table 1). Finally, vacuoles 
containing antibody-coated parasites also underwent acidification, 
as indicated by their abiity to accumulate acridine orange (Table 1). 

Several considerations indicate that the inability of IgG-coated T. 
gondii to inhibit vacuole function was due only to their having been 
internalized via FcR. First, similar results were obtained with 
tachyzoites that were first sensitized with any of several antibodies to 
two different surface components of T. gondii (p22 and p30) (25) as 
well as with a polyclonal antibody to whole RH strain tachyzoites. 
Consequently, it is unlikely that the lack of fusion inhibition 
reflected antibody binding to a specific component on the parasite 
plasma membrane. There was also a correlation between the number 
of FcR-positive and lgp-positive vacuoles and the concentration of 
antibody used to coat the parasites (Table 1). Moreover, both 
binding and entry of opsonkd parasites wete decreased to that 
observed in the absence of antibody by prior incubation of d m -  

Nomrnkl Ludfar Yellow 

Fig. 2 Staining of vacuoles containing T. gondii with the fl-t 
cndocytic tracer lucifcr ydlow. CHOBl cells wcrc incubated for 2 hours at 
37°C with live (A and B) or kt-killed (C and D) tachyzoitcs. Monolayem 
wcrc washed and incubated with lucifer yellow (1 mgtml) for 10 minutes at 
37°C. Monolayers were washed in cold PBS and maintained in cold bu&r 
until live cells wcrc e e d  by difterential interknce contrast (A and C) 
or cpieuorescence microscopy (B and D). Selected vacuoles are illustrated by 
arrows. 

ed cells with the monoclonal antibody to FcRII (2.462) which 
blocks the ligand binding site of the receptor; resultant vacuoles 
were lgp-negative (27). Finally, antibody coating did not inhibit 
enay of viable tachyzoites into parental (that is, n o n d d )  
CHO cells, nor did it overcome the fusion block after entry into 
nontransfected cells (less than 10 percent of the intracellular vacu- 
oles were lgp-positive). 

Rquircment fbt the FcR cytoplasmic tail in T. gondii phage- 
cytosis. CHO cells trans- with either the FcRII-B1 or -B2 
isoforms were equally capable of mediating the binding, intemaliza- 
tion, and lysasornal fusion of antibody-coated T. gondii. This was 
sqris 'hg since only the FcRII-B2 isoform is dmacmistic of 
phagocytic cells such as macrophagcs; the FcRII-B1 isoform is the 
predominant species found in B lymphocytes-cells not normally 
associated with FcR-mediated phagocytosis (28). The FcRU-B1 and 
-B2 isoforms are identical in their extracellular and transmembrane 
d o h ,  thus, antibody-coated partides b i d  these receptors with 
identical +city and af6nity. However, the two isoforms differ in 
their cytoplasmic tails. The FcRII-B1 tail contains an in-flame 
insertion of 47 amino acids that prevents this isofonn from accumu- 
lating at dathrin-coated pits on the plasma membrane (21). Since 
both FcRII-Bl and -B2 transf~ants were able to mediate the 
internalization and lysosomal fusion of IgG-coated parasites, it is 
apparent that neither process requires a functional coated pit 
localization domain. 

To determine whether p-is and fusion rcquirrd any 
portion of the FcR cytoplasmic tail, we tested antibody-coated T. 
gondii for bin- to CHO cells t r a n & d  with a mutant receptor 
containing only a single lysine residue in the cytoplasmic tail (tail- 
minus). We first compared attachment of live and heat-killed 
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tachyzoites in CHO-B1 and CHO tail-minus cells. The number of 
cell-associated, antibody-coated parasites was identical when CHO- 
B1 and CHO tail-minus cells were compared, regardless of whether 
parasites were alive or heat-killed (Fig. 4 4 .  This finding is consist- 
ent with the two t r a n s f d  cell lines having a similar number of cell 
surface FcR (1.2 to 1.5 x lo6 per cell), and with the extracellular 
and membrane spanning do& of the wild-type and mutant 
receptors being identical. 

While the presence or absence of a cytoplasmic tail had little effect 
on FcR biding of IgG-coated T. gondii, the efKciency of intemaliza- 
tion was decreased in cells transfected with the tail-minus mutant 
relative to that observed in cells expressing FcRII-B1 (or -B2) (Fig. 
4B). The hction of heat-killed (and live) parasites internalized by 
CHO tail-minus cells was not augmented by coating parasites with 
IgG, in contrast to the d t s  with CHO-B1 (or -B2) cells. 
Internalization of heat-killed (and live) IgG-coated parasites was 
also blocked by cpchalasin D (27), an ag&t that interferes with the 
normal function of actin-containing micro6Iarnent.s. Thus, FcR- 
mediated entry into uansfected CHO cells is analogous to phagocy- 
tosis in mackphages, which has been characterizdd as a *ala- 
sin-sensitive process. 

We next examined the question of whether entry via a cytoplasmic 
tail-dependent phagocytic event was also needed fbr the fusion of 
vacuoles with lysosomes. Concentrations of antibody that led to 
nearly uniform Igp-positive vacuoles in CHO-B1 cells (87 to 92 
percent, Table 1) resulted in only 14 to 19 percent Igp-positive 
vacuoles in CHO tail-minus cells. Furthermore, the percentage of 
FcR-positive vacuoles was d d  in cells expressing the tail- 
minus mutant (23 to 32 percent) relative to FcRII-B1 (86 to 94 
percent, Table 1). vacuol& containing antibody-coated parasites in 
CHO tail-minus cells were also unable to fuse with endasomes or to 
lower their internal pH. It is likely that parasites able to gain entry 
into these cells did so by an FcR-independent process presumably 
decting their normal physiological route. 

While extracellular T. gondii is susceptible to acidic pH, it has thus 
far been irnwible to directlv determine the effects of lwosomal 
fusion on p&asite viability. ~oiddress  this issue, we next Aonitored 
the survival and infectivity of native and antibody-coated parasites in 
CHO-B1 compared to CHO tail-minus cells. The percentage of 
CHO cells harboring intracellular parasites after infection with 
native tachyzoites was similar at 2 and 24 hours in cells expressing 
either FcRII-B1 or the tail-minus mutant (Table 2). In the absence 
of antibody, parasites replicated with equ&alent efKciency in both 
cell lines, since at 24 hours (compared to 2 hours) there was a six- to 

eightfold increase in the number of parasites per 100 cells. In 
contrast, most of the IgG-coated parasites were killed after entry 
into CHO-B1 cells. Little decrease in viability was observed for the 
hction of IgG-coated parasites that entered CHO cells transkcted 
with the tail-minus FcR mutant, or nontransfected cells. These 
findings demonstrate that, even in the absence of a respiratory burst, 
phagocymis of the parasite under conditions that lead to fusion of 
the vacuole with endosomes and lysosomes results in parasite killing. 
Thus, inhibition of fusion and acidification is necessary for intracel- 
lular viability of T. gondii. 
Mechanism of fusion inhibition. Although of critical impor- 

tance to understanding many bacterial and protozoan infixtiom, the 
mechanisms by which intracellular parasites inhibit phagowme- 
lysosome fusion remain largely unknown. The idea that the fusion 
block results h m  the secretion or release of inhibitory compounds 
h m  the i n f d g  microorganism was first suggested by studies 
with Mycobactmmum tuberculosis, in which inhibition of fusion was 
thought to d e c t  the release of complex sulfatides (29, 30). While 
the endocytosis of polyanions such as dextran sulfate by cultured 
macrophages may inhibit subsequent phagosome-lysosome h i o n  
(9,30), it is unclear whether such sulfatides play a physiological role 
during mycobacterial infections (9, 31). 

Our results, obtained with a new assay for phagosome-lysosome 
hion ,  strongly suggest that the fusion and acidification blocks 

1- 2. Parasite survival and replication in transkcmi CHO cells. Expen- 
mental conditions were as described in the legend to Figs. 1 and 4, except 
that parallel cover slips were incubated for either 2 or 24 hours. The 
percentage of cells containing recognizable vacuoles at 2 and 24 hours is 
given. The average number of parasites per vacuole ranged between 4.8 and 
6.9 for all cdls at 24 hours. Results represent the range of values in three 
experiments, each done on triplicate cover slips. At least 100 cdls were 
counted for each cover slip. 

- 

rkxted cells 

Parasites CHO-Bl CHO tail-minus 

2hr 24 hr 2 hr 24 hr 

Live T. gondii 
Cdls with vacuoks (%) 71-88 65-82 28-39 26-37 
Tachyzoites/lOO cdls (No.) 74-105 643-930 40-57 280-392 

Live T. gondii plus anti-p30 
Cells with vacuoles (%) 93-97 18-26 73-81 72-79 
Tachyzoites/100 cells (No.) 170-234 130-185 89-127 545627 
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Flg. 4. Attachment and internalization of T. gondii by CHO-B1 and CHO 
tail-minus cells. Parasites were prepared and incubated with cells at a 10 to 1 
ratio of parasite to cell as described in the legends to Figs. 1 to 3. After 
incubation for 2 hours at 3TC, cells were fixed and total cell-associated 
parasites (A) and fraction of total cell-associated parasites internalized (6) 
were measured. Parasites were scored as inside cells on the basis of a 
combination of phase contrast and Ifferential interference contrast micros- 
copy and immunofluorescence staining in the presence and absence of cell 
permeabilization with saponin. At least 100 cells were counted for each cover 
slip in each experiment. Results represent mean for three experiments, each 
done in triplicate. The standard deviations were all less than 17 percent of the 
sample means for results in (A) and less than 14 percent of the sample means 
for results in (B). The higher baseline association of live and heat-killed 
parasites with CHO-B1 than with either CHO td-minus (or CHO-B2 cells) 
was a consistent, although unexplained, finding. 

medated by T. gondii are not dependent on the secretion of a 
soluble, parasite-derived inhibitor. Although the inhibition can only 
be mediated by viable tachyzoites, this requirement is manifested 
only at the entry stage. Since killing parasites after entry did not 
reverse either the fusion or acidification blocks, it is clear that there 
is no need for the continued secretion of an inhibitor by internalized 
organisms. The ability of even live parasites to inhibit vacuole 
function is not absolute, as demonstrated bv the fact that viable. 
antibody-coated tachyzoites were unable to mediate the fusion or 
acidification blocks when allowed to enter ~ c ~ - e x ~ r e s s i n ~  CHO 
cells. This effect was not due to the antibody interfering with some 
critical parasite surface component, since neither attachment and 
entry nor the fusion block were altered when opsonized T. gondii 
entered nontransfected cells. In addition, identical results were 
obtained with mono- and polyclonal antibodies to several different 
T. gondii surface proteins. Taken together, the results indicate that 
entry of live parasites is necessary but not sufficient to mediate 
fusion inhibition. 

The ability to circumvent the fusion bloci by forcing live 
tachyzoites to enter via an alternative receptor indicates that the 
ability of T ,  gondii to inhibit fusion and acidification is linked to 
some irreversible event that occurs at the time of entrv. Such an 
event seems likely to reflect the parasite's ability to modify the 
biochemical composition of the forming vacuole. Several lines of 
evidence already suggest that T. gondii, as well as other members of 
the apicomplexa group (for example, Plasmodia sp.), actively partici- 
pate (32) in the energy-dependent entry process, which may selec- 
tively exclude, or include, specific plasma membrane components 
needed for (or inhibitory to) subsequent fusion events. Nascent 
vacuoles appear to be depleted in selected plasma membrane en- 
zymes (33) as well as in intramembranous particles as determined by 
freeze-fracture analysis (34). Thus, it is conceivable that, among the 
excluded components, are those that are needed for subsequent 
vacuole fusion or acidification (or both). It is also possible thatlipid 
components released as a result of rhoptry or dense granule dis- 
charge are incorporated into the forming vacuole membrane, as 
suggested with P. falcipavum (35), further altering its properties. In 
any event, it is apparent that the vacuole lacks one or more molecules 
needed for normal function, or contains membrane components that 
are dominant inhibitors. 

The fusion incompetence of T. gondii vacuoles is not likely to be 
the result of a primary block of acidification, since phagosome- 
lysosome fusion after uptake of inert particles is independent of acid 
pH in either compartment (36). In contrast, the inability of 
parasitophorous vacuoles to lower their internal pH may be a 
consequence of the fusion block. If active components of the 
vacuolar H+-ATPase (proton-adenosine triphosphatase) must be 
delivered to the vacuole by fusion with endosomes, normal acidifica- 
tion would not occur (37). The lack of acidification might also 
reflect the active exclusion or inactivation of plasma membrane 

L i v e  L i v e  H e a t - k i l l e d  H e a t - k i l l e d  
t anti-p3O t anti-p3O 

CHO-B1 
C H O  tail-minus 

Live L ive Heat -k i l led Heat -k i l led 
t anti-p30 t anti-p30 

proton pumps or other ion channels during formation of the vacuole 
membrane. 

Finally, the fact that IgG-coated T. gondii were efficiently bound 
and internalized by FcR-transfected CHO cells not only demon- 
strates the role of entry in mediating vacuole function, but also 
provides some initial insight into the requirements for phagocytosis 
in general. Clearly, even fibroblasts have the requisite cytoplasmic 
"machinery" to mediate phagocytosis once given an appropriate 
phagocytic receptor. Moreover, the fact that both the FcRII-B1 and 
-B2 isoforms mediate parasite entry demonstrates that FcR-mediat- 
ed phagocytosis does not require a functional coated pit localization 
domain (21). The fact that the tail-minus FcR mutant failed to 
mediate efficient FcR-dependent entry, however, shows that some 
determinant (or determinants) on the receptor's cytoplasmic tail is 
required. IgG-coated erythrocytes are not efficiently internalized by 
the transfected cells, in spite of efficient binding (23, 27). By binding 
to laminin or other extracellular matrix receptors (38), T. gondii may 
provide a second signal to the CHO cells to  trigger phagocytosis of 
bound particles via FcR (39). It should now be possible to identify 
this missing receptor and provide further insight into the require- 
ments for phagocytosis-in addition to vacuole fusion. 
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