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The intracellular parasite Toxoplasma gondii develops inside a parasitophorous vacuole (PV) that derives
from the host cell plasma membrane during invasion. Previous electron micrograph images have shown that
the membrane of this vacuole undergoes an extraordinary remodeling with an extensive network of thin tubules
and vesicles, the intravacuolar network (IVN), which fills the lumen of the PV. While dense granule proteins,
secreted during and after invasion, are the main factors for the organization and tubulation of the network,
little is known about the source of lipids used for this remodeling. By selectively labeling host cell or parasite
membranes, we uncovered evidence that strongly supports the host cell as the primary, if not exclusive, source
of lipids for parasite IVN remodeling. Fluorescence recovery after photobleaching (FRAP) microscopy exper-
iments revealed that lipids are surprisingly dynamic within the parasitophorous vacuole and are continuously
exchanged or replenished by the host cell. The results presented here suggest a new model for development of
the parasitophorous vacuole whereby the host provides a continuous stream of lipids to support the growth and

maturation of the PVM and IVN.

Toxoplasma gondii is an apicomplexan parasite that in-
fects almost any warm-blooded animal. This ubiquitous par-
asite is able to proliferate inside the host cell within a
unique and dynamic parasitophorous vacuole (PV). This vac-
uole is established during invasion initially as an invagination
of the host cell plasma membrane that surrounds the invading
parasite and then pinches off to create a PV (18). During this
process, parasite secretory organelles, called dense granules,
discharge specific protein factors (GRAs) that remodel the
vacuole into a sheltered niche for the parasite.

Toxoplasma’s ability to acquire essential nutrients from its
environment is fundamental to its intracellular lifestyle. It has
been postulated that Toxoplasma gains access to various host
metabolites (<1,300 Da) via diffusion through small pores in
the PV membrane (PVM) (14). While no direct connection
between the PV and the host vesicular transport system has
been observed (13), Toxoplasma incorporates low-density lipo-
protein (LDL)-derived cholesterol from host endolysosomes
(4). Host mitochondria are also recruited efficiently to the
cytosolic face of the PV soon after invasion, allowing Toxo-
plasma to scavenge host lipoic acid (5, 16).

In addition to nutrient acquisition from the host cytosol,
Toxoplasma facilitates its intracellular lifestyle by actively re-
modeling the PV. The purpose of this remodeling and the
origin of the lipid constituents it uses have not been estab-
lished. Electron micrographs of the Toxoplasma PV show
membrane-like material within the PV and close to the poste-
rior end of the parasites at very early times during invasion
(15). A complex of secreted GRA2/GRA4/GRAG proteins in-
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teracts with this material and seems to be required for its
reorganization and tubulation (9, 12). Later during infection,
similar thin tubules fill the lumen of the PV to form an intra-
vacuolar network (IVN) (10, 15). While electron micrographs
suggested that the IVN might be primarily parasitic in origin
(12, 15), no direct biochemical analysis has been reported, and
its true origin has been a mystery. Tantalizingly, host endoplas-
mic reticulum (ER) proteins also appear to have access to the
vacuolar space, and in particular, host glucose-6-phosphatase
has been observed in the posterior membrane-like material
seen in the nascent PV described above (7, 11). This suggests
that there might be a flow of lipids between the host ER and
the PVM but gives no hint as to the magnitude of that flow and
the relative contributions that host and parasite lipids might
each represent within the IVN.

In this study, by selectively labeling host cell or parasite
membranes and using fluorescence confocal microscopy, we
provide evidence that host lipids are the primary, if not exclu-
sive, contributors to the IVN. Furthermore, results from fluo-
rescence recovery after photobleaching (FRAP) experiments
underscore the dynamic nature of the parasitophorous vacuole
and suggest a continuous flow of lipids from the host cell into
the PVM and IVN.

MATERIALS AND METHODS

Cells and parasites. The SPCherry Toxoplasma strain was obtained by cloning
the coding region of mCherry N-terminally fused to the signal peptide of GRAL1
and C-terminally tagged with hemagglutinin (HA) into the pGRA-HA_HPT
vector (3). The resulting plasmid was linearized, and 25 pg of DNA was trans-
fected by electroporation into Toxoplasma strain RH Ahpt as previously de-
scribed (17). Following selection in mycophenolic acid-xanthine medium (6), the
resultant strain and the parental strain were maintained by serial passage in
human foreskin fibroblast (HFF) cells grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100
U/ml penicillin, and 100 pg/ml streptomycin (¢cDMEM).

Labeling of HFFs. Unless otherwise stated, all culturing, labeling, and washes
of live cells were performed at 37°C. HFFs growing on either chambered cover
glass (for live-cell imaging) or 15-cm dishes (for lipid analysis) at 80 to 90%
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confluence were incubated for 1 h in a minimal volume of DMEM supplemented
with 10% dialyzed fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin (dADMEM). The fluorescent lipid probe 5-butyl-4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene-3-nonanoic acid (C4-BODIPY-C9; Mo-
lecular Probes) was then added to the medium at a final concentration of 20 pM.
After 3 h of incubation in a humidified 37°C incubator with 5% CO,, the labeling
medium was replaced and incubation was continued for another 3 h. Cells were
washed 5 times with d(DMEM, with incubation for 5 min between each wash. For
live-cell imaging experiments, labeled HFFs were infected with unlabeled para-
sites for 18 h in dDMEM, and the medium was replaced by fresh dDMEM just
before imaging. For lipid analysis, HFFs labeled as described above were washed
and incubated in dDMEM without the fluorescent lipid probe for a further 18 h.
Cells were washed twice with phosphate-buffered saline (PBS), scraped from the
plate, and centrifuged at room temperature. The pellet was immediately flash-
frozen and stored at —20°C until lipid extraction.

Labeling of intracellular parasites. We slightly modified the protocol of Char-
ron and Sibley (2) to obtain an adequate labeling of parasites that was compat-
ible with the infection times used in our experiments. The protocol described
above for HFFs was used to first saturate the lipid pools of HFFs with C4-
BODIPY-C9, with the exception that no washes were performed after the second
incubation in labeling medium. Instead, parasites were added to a very small
volume of dDMEM and allowed to infect the cells for 18 h. The presence of the
lipid probe had no apparent effect on parasite growth or morphology through the
time course of the experiment. Infected cultures were washed 5 times with
dDMEM, with incubation for 5 min between each wash. Cells were scraped,
and parasites were released from their host cells by sequential passages
through 25- and 27-gauge syringe needles at room temperature. Parasites
were further purified from host debris by using a size-exclusion column
(PD-10; General Electric). These labeled parasites were used either to infect
fresh HFF monolayers for subsequent fluorescence microscopy or for lipid
analysis. As a control for lipid analysis, HFFs were labeled and washed as
mentioned above, followed by infection with unlabeled parasites. At 18 h
postinfection, cultures were washed and parasites were released and purified
from host cells as described before to determine the lipid uptake by the
parasite under these conditions.

Lipid extraction and TLC analysis. After labeling, frozen HFF or parasite
samples were lyophilized followed by three sequential extractions with chloro-
form-methanol, at 2:1, 1:1, and 1:2. Organic phases were combined and dried
under a nitrogen stream. Samples were resuspended in 20 pl and analyzed by
one-dimensional thin-layer chromatography (TLC) on silica gel 60 plates,
using chloroform-methanol-water-triethylamine (35:30:7:35) as the solvent.
The following fluorescent standards were spotted and separated on the same
plate: BODIPY-Cer, N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
pentanoyl)sphingosine; BODIPY-FA, = 5-butyl-4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene-3-nonanoic acid; BODIPY-PC, 2-(4,4-difluoro-5-methyl-4-bora-3a,4a-
diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine;
and BODIPY-SM, N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-
3-pentanoyl)sphingosyl phosphocholine (Molecular Probes). The fluorescent
lipids were visualized with a Typhoon imager (GE Healthcare Life Sciences).

Confocal fluorescence microscopy and FRAP. Live microscopy was performed
in phenol-free dDMEM in a 4-well chambered cover glass (LabTek). The tem-
perature was kept at 37°C during all experiments by using a stage heater (Carl
Zeiss). Optical slices (0.5 wm) were collected with a laser scanning microscope
(LSM 510; Carl Zeiss) by using an argon laser for BODIPY and a 543-nm laser
for mCherry. All images were captured using a Plan Apo 63X oil immersion
objective, and LSM 510 software was used for image acquisition. Image process-
ing and data analysis were done with ImageJ, and when required, results were
plotted using GraphPad Prism. For photobleaching, a region of interest (ROI)
corresponding to the full vacuole was selected. Bleaching of the ROI was per-
formed with 5 iterations of the 488-nm argon laser at 100% power. After pho-
tobleaching, images were taken at 10-s intervals for the first minute, followed by
capture every minute using the argon laser at 2% power unless otherwise indi-
cated. Three different regions were considered: the full vacuole (ROI), a region
outside cells for fluorescence background correction (BG), and the total field of
view (total) for bleaching correction during monitoring. Microsoft Excel was
used to normalize the relative fluorescence intensity (/) for each experiment by
using the following equation: %I = {[(ROI, — BG,) X (total, — BGg)] X
100}/[(total, — BG,) X (ROI, — BGy)], where ¢ indicates the time point exam-
ined and O represents the intensity before bleaching. The means *+ standard
deviations for 12 different experiments were plotted.
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RESULTS AND DISCUSSION

Host cells are major lipid contributors to the intravacuolar
network. To assess the contribution of host lipids to the IVN,
we prelabeled host membranes, allowed infection with unla-
beled parasites, and then analyzed the cultures by fluorescence
confocal microscopy. For the label, we used a fluorescent C4-
BODIPY-C9-labeled fatty acid that, due to the lack of ionic
charge of the BODIPY fluorophore, resembles endogenous
fatty acids and has a reduced spontaneous transfer between
membranes (1). We also confirmed previous reports (8) that
the labeled fatty acid is converted mainly into phosphatidyl-
choline (PC) (Fig. 1A, lane 1), one of the major lipid compo-
nents of host endomembranes, including those of the ER and
mitochondria (19). As a marker for the space within the PV,
we used parasites that express mCherry N-terminally fused to
the GRAL1 signal peptide and expressed from the GRA1 pro-
moter. In this strain, mCherry localizes to dense granules and
is secreted into the PV, occupying the space between the thin
tubules of the IVN. The results showed that under these con-
ditions, the lipid probe is visualized readily not only at the
PVM but also within the vacuolar space, as indicated by colo-
calization with the vacuolar mCherry (Fig. 1B). The extent of
this colocalization was evident when we plotted the intensity of
fluorescence across the vacuolar space, as the profiles corre-
sponding to the fluorescence of the lipid probe and mCherry
show coincident peaks.

To exclude the possibility that the lipid in these experiments
was derived from parasites that took up the label, metabolized
it into a higher-order lipid, and then exported this lipid into the
PV, we purified parasites from the cultures shown in Fig. 1B
and analyzed the extent of lipid incorporation. Consistent with
the fact that the parasites show no visible label in the images
(Fig. 1B) and were not detectably labeled upon imaging of
isolated parasites (data not shown), there was only a marginal
lipid label present in a 10-fold excess of parasite material (Fig.
1A, lane 3). Hence, the labeled lipid material in the PV space
seen in Fig. 1B appears to derive largely, if not exclusively,
from the host cell.

Parasites provide little, if any, lipid to the intravacuolar
network. A major contribution of host cell lipid does not pre-
clude a similar contribution from parasites. To assess this pos-
sibility, intracellular parasites were labeled, lysed by use of a
syringe, and purified through a size-exclusion column. Figure
1A, lane 2, shows efficient incorporation of the label into par-
asites, as previously reported (2). Surprisingly, given previous
suppositions based on electron micrographs (15), when these
parasites were used to infect unlabeled HFF monolayers, there
was no significant fluorescence in the area corresponding to
the IVN, as indicated by the lack of colocalization with se-
creted mCherry (Fig. 1C). Hence, under the experimental con-
ditions used here, it is the host cell and not the parasite that
appears to contribute the vast majority of lipid within the
developing IVN.

Continuous flow of lipids from host cell membranes to the
Toxoplasma intravacuolar network. The finding that the host
cell is the major source of lipids within the IVN indicates an
important interaction in which the host provides the mem-
brane and the parasite, perhaps through the activity of dense
granule proteins, shapes the membrane into an intricate tubu-
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FIG. 1. Selective prelabeling of host or parasite membranes indicates that the host is the major lipid contributor to IVN development. (A) HFFs
grown in 15-cm dishes were incubated with C4-BODIPY-C9-labeled fatty acid alone (lane 1; host), prelabeled with C4-BODIPY-C9-labeled fatty
acid and infected with Toxoplasma for 18 h in the presence of the fluorescent probe [lane 2; parasites (1X)], or prelabeled with C4-BODIPY-
C9Y-labeled fatty acid, washed, and infected with Toxoplasma for 18 h in medium without fluorescent probe [lane 3; control (10X)]. Lipids were
extracted from host cells (lane 1) or purified parasites (lanes 2 and 3) and separated on silica plates by TLC using chloroform-methanol-water-
triethylamine (35:30:7:35) as the solvent. For the control (10X), 10-fold more sample was spotted on the silica plate than for the parasite (1X).
Fluorescence standards used were as follows: BODIPY-Cer, BODIPY-ceramide; BODIPY-FA, BODIPY fatty acid; BODIPY-PC, BODIPY-
phosphatidylcholine; and BODIPY-SM, BODIPY-sphingomyelin. (B) HFFs grown on chambered cover glass were prelabeled with C4-BODIPY-
C9-labeled fatty acid, washed, and infected with Toxoplasma secreting mCherry for 18 h. Optical sections (0.5 wm) of infected live cells were
acquired by confocal microscopy. One section is shown. The left image represents the BODIPY label, and the right image shows secreted mCherry
as a marker for the PV space. Intensity profiles are shown along the solid line for the BODIPY label and along the dashed line for mCherry, from
left to right. Bars, 2 um. (C) Same as panel B, except that parasites prelabeled with C4-BODIPY-C9-labeled fatty acid were used to infect

unlabeled host cells.

lar network. To determine if there is a continuous supply of
lipids from host membranes to the parasite IVN, host cells
were prelabeled and then infected with unlabeled parasites.
FRAP microscopy was used to assess the recovery of BODIPY
fluorescence at the Toxoplasma PV and IVN after bleaching of
the full vacuole. Figure 2A shows images taken before bleach-
ing (prebleach), immediately after bleaching (bleach), and at a
subsequent time point during recovery (postbleach) for a given
PV. The results (Fig. 2A and B) show a marked recovery of the
fluorescence within the entire vacuole. Since the PV is deco-
rated with host ER and mitochondria that were also labeled
with this fluorescent probe, it is possible that the main contri-
bution to the PVM fluorescence recovery was from host or-
ganelles in close apposition to the vacuole that may also have
been bleached during the experiment. To determine whether
there is a continuous incorporation of host lipids into the IVN,

the fluorescence intensity values corresponding to a rectan-
gular area across the PVM and IVN were plotted. Consis-
tent with the image shown in Fig. 2A, Fig. 2C shows that
fluorescence recovery after photobleaching also occurred
within the space between the parasites, far from the PVM and
PV perimeter. Since the IVN is the only known membranous
material within the PV space, this labeling presumably repre-
sents the tubules of the IVN network.

Different mechanisms might be responsible for the diffusion
or transport of host lipids to the PVM and IVN. We envision
a model in which the parasite drives the host cell to consider
the PV, which is initially derived from the host cell plasma
membrane, a host organelle. Thus, Toxoplasma may somehow
coopt host vesicular and/or nonvesicular mechanisms for lipid
transport between intracellular membranes to supply the re-
quired lipids for PVM growth and IVN remodeling. One clue



1098 CAFFARO AND BOOTHROYD

A B 120
8 100
5 % 91 ® Bleaching I
© o 80 - time
g 8 f TR
b S 60 4 o®
= € w0l °
5 4
c 204 °
O\ 0 L) L} L} L]
0 2 4 6 8
S Ti i
S ime (min)
k]
o
¢ 100
PVM IVN — Pre-bleach
g 75 | === Bleach
<>u == Post-bleach
< 2 50 ]
[+ 7] Lam, M—/\—\
3 8 25 )" N
2 T A -
“g o TEeereeeeeiiiinnn '.
o

0 0.5 1.0 1.5
Distance (um)

FIG. 2. Continuous flow of host lipids to Toxoplasma PVM and
IVN. (A) Typical FRAP experiment with prelabeled HFFs infected
with unlabeled parasites. A 1-wm optical slice was taken before bleach-
ing (prebleach), right after the photobleach (bleach), and 2 min into
recovery (postbleach), using an argon laser at 5% power. The white
dotted line shows the perimeter of the area that was photobleached,;
the small dotted rectangle shows the portion of the IVN that was also
analyzed in panel C. (B) Same as panel A, except that the argon laser
was used at 2% power and the fluorescence intensity of the PV was
normalized to prebleach values for prelabeled host cells infected with
unlabeled parasites for 18 h and plotted over time. Error bars indicate
standard deviations (n = 12 vacuoles). (C) The recovery of fluores-
cence within the PV and IVN after photobleaching of the full vacuole
is shown by plotting of the intensity profile corresponding to the rect-
angular area indicated in panel A before, during, and 2 min after
photobleaching. The dotted line at 0.5 wm represents the approximate
boundary between the PVM at the periphery of the PV and the IVN
occupying the space between the parasites.

to the mechanism involved comes from the observation that
host ER proteins can be detected within the Toxoplasma vac-
uolar space (7, 11), suggesting a potential fusion or continuity
between the lumens and, perhaps, membranes of the host ER
and the PV. This continuity provides an attractive model for
the continuous supply of host lipids to at least the PVM seen
here.

How these lipids might move from the PVM to the IVN is
not clear. The detailed structure of the IVN is not yet known,
but rare tubules have been observed in apparent contiguity
with the PVM (15). Hence, a lipid that flows to the PVM might
be able to diffuse laterally into at least some portion of the
IVN. While there was almost full recovery of IVN fluorescence
by FRAP, we cannot rule out the existence of a small immobile
fraction, which would indicate that not all of the network is
connected to the PVM, i.e., some of it may exist as tubove-
sicular islands. It has also been postulated that the IVN might
be connected with the parasite plasma membrane (10). Our
data argue against this possibility, as we saw little, if any,
labeling of parasites grown in prelabeled host cells, despite
very strong labeling of the IVN. However, parasite lipids were
efficiently labeled when the parasites were grown in host cells
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in the presence of excess labeled fatty acid. Together, these
results suggest that the parasites scavenge host fatty acid rather
than phosphatidylcholine to feed the growth of their own
plasma and internal membranes.

The tubular architecture of the IVN has been shown to be at
least partially dependent on GRA2 and GRA6 (12), in the
absence of which the tubular organization of the IVN is re-
duced and instead appears more vesicular. Nevertheless, when
host cells prelabeled with C4-BODIPY-C9 were infected with
unlabeled wild-type or Agra2 parasites, the resulting parasito-
phorous vacuoles were indistinguishable with regard to the
intensity of fluorescence at the intravacuolar network (data not
shown). This result suggests that deletion of GRA2 does not
significantly abrogate the flow of lipids from the host to the
parasite vacuolar network. Another dense granule protein
(GRAY7) has been implicated in the invaginations of the PVM
that confine host endolysosomes. These structures, named host
organelle-sequestering tubulo-structures (HOST structures),
have been suggested to play a role in parasite uptake of host
cholesterol (3). Whether these HOST structures are the same
as the tubules of the network has not yet been established. To
assess a potential role of GRA7 in the recruitment of host fatty
acids and/or phospholipids to the parasite IVN, we prelabeled
host cells with C4-BODIPY-C9, followed by infection with
unlabeled wild-type or Agra7 parasites. We saw no significant
differences in the intensity of fluorescence within the vacu-
olar network between wild-type and Agra7 vacuoles (data
not shown). This result indicates that deletion of GRA7 does
not interrupt the flow of host BODIPY-labeled fatty acids
and/or BODIPY-phosphatidylcholine to the parasite IVN. Re-
gardless of the particular proteins involved, our results show
that Toxoplasma’s TVN is derived largely, if not exclusively,
from lipids obtained from the host cell. How the host accom-
modates and responds to this substantial draw on its resources
remains to be determined.
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