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FIG 1 TgPL1 localizes within the parasite in tachyzoites but on the cyst wall
and PV space in bradyzoites. Tachyzoites were grown on coverslips containing
confluent HFFs for 24 h before fixation. Bradyzoites were grown in confluent
HFFs on coverslips under low CO, and high pH for 5 days. The parasites were
stained for HA-tagged TgPLI (green) and costained for dense-granule pro-
teins GRA4 and GRA?7, a cytoplasmic bradyzoite-specific heat shock protein
(BAG1), or DBA as a marker of the bradyzoite cyst wall (all costain red). Nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI) (blue in the merged
images). DIC, differential interference contrast. Scale bar = 5 pum. The scale is
identical for all bradyzoite images.

dehyde. Coronal samples 5 pum thick were taken every 100 wm, providing
36 brain sections per animal. The sections were stained with hematoxylin
and eosin and examined by light microscopy on the 4X objective, and
aggregates of 10 or more inflammatory cells were enumerated.

RESULTS

TgPL1 is secreted from the parasite to localize with the PV and
cyst wall in bradyzoites. Due to its homology to plant patatin,
which changes localization under stress conditions, we were not
surprised to see TgPLI localize to the PV when parasites were
grown in macrophages (18). We therefore wanted to examine if
TgPL1 changed localization under the stress of bradyzoite-induc-
ing conditions. After 5 days under bradyzoite conditions, TgPL1
partially colocalizes with the cyst wall marker DBA and the dense-
granule proteins GRA4 and GRA7 (Fig. 1). Similar to the localiza-
tion change seen for TgPLI in activated macrophages (18), the
localization of TgPL1 to the PV was not readily apparent until the
parasites had been under bradyzoite development conditions for
atleast 5 days. TgPL1 does not colocalize with BAG1, a bradyzoite-
specific heat shock protein that is localized in the parasite cyto-
plasm (Fig. 1). We had previously seen that TgPL1 did not colo-
calize with any markers of secretory organelles, including dense
granules (17), so we reexamined the localization of TgPL1 with

620 iai.asm.org

Mouse Brain Bradyzoites

FIG 2 TgPL1 localizes to the cyst wall and PV space in bradyzoite cysts from
mouse brains. C57BL/6 mice were infected with HA-tagged TgPL1 containing
parasites for 22 days. Bradyzoite cysts from the brains were partially purified by
Percoll gradient. The cysts were incubated with mouse anti-HA antibody and
Alexa Fluor 488-conjugated donkey anti-mouse to detect TgPL1 (green) and
biotinylated DBA and Alexa Fluor 633-conjugated streptavidin to visualize the
cyst (red).

GRA4 in tachyzoites. Intracellular tachyzoites were allowed to in-
vade and divide in confluent fibroblast monolayers for 24 h before
fixation. As we had seen previously, TgPL1 does not colocalize
with GRA4 (Fig. 1). These results show that in tachyzoites, TgPL1
is intracellular but does not colocalize with the dense granules. In
bradyzoites, TgPL1 is secreted from the parasite to the PV space.

To examine whether the TgPL1 localization change occurs
during chronic infection, we stained bradyzoite cysts purified
from mouse brains 22 days after infection for TgPL1. Within in
vivo bradyzoite cysts, most TgPL1 is present on the cyst wall, par-
tially colocalizing with DBA (Fig. 2).

TgPL1 begins translation at one of the first two in-frame me-
thionines in tachyzoites and bradyzoites. The mechanism of the
localization change of TgPL1 between the tachyzoite and brady-
zoite stages is intriguing. The length of time required for TgPL1 to
change locations, 5 days either in activated macrophages or under
bradyzoite development conditions, suggests that new protein
synthesis may occur. TgPL1 has three potential initiator methio-
nines near the predicted translation start site (Fig. 3A). The first
two AUGs are adjacent and directly followed by a predicted endo-
plasmic reticulum (ER)-type signal sequence. The third AUG is
found directly after the predicted cleavage site for the signal se-
quence. To examine the start codon usage for TgPL1, site-directed
mutagenesis was employed to remove the first two initiator me-
thionines (M1 and -2) or the third (M3) of HA-tagged TgPL1 (Fig.
3A). While clones containing WT and M3 versions of TgPL1
showed robust expression, none of the clones containing the M1-2
plasmid expressed TgPL1 (Fig. 3B; see Fig. S1 in the supplemental
material). Likewise, under bradyzoite conditions, the M1-2 mu-
tant does not produce TgPL1 protein, in contrast to clones con-
taining the WT and the M3 mutant (Fig. 3B). TgPL1 expressed
from the M3 mutant also appears to have a size similar to that of
WT TgPL1. The WT and M3 proteins also appear to be equally
abundant in tachyzoites and bradyzoites, as confirmed by gPCR
analysis (Fig. 3C). PCR analysis of the TgPL] mRNA from
tachyzoites and bradyzoites showed that the message is not alter-
natively spliced in the two stages (data not shown). These results
indicate that TgPL1 is translated from one of the first two methio-
nines in both tachyzoites and bradyzoites and that the open read-
ing frame does not change between stages.
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FIG 3 TgPL1 translates from one of the first two ATG codons. (A) Genomic region encompassing the potential start codons. The start codons are in boldface,
and a predicted ER signal peptide is labeled with a black bar. At the top is the wild-type sequence with all three potential methionines. In the middle is the M1-2
construct, which lacks the first two start codons. At the bottom is the M3 construct, which lacks the third start codon. (B) Clones of WT, M1-2, and M3 were
grown under tachyzoite conditions or bradyzoite conditions for 3 days. The parasites were assessed for protein expression by Western analysis with anti-HA
(TgPL1) or anti-B-tubulin (B-TUB). No TgPL1 protein was present when the first two methionines were mutated (M1-2), even on long exposures (data not
shown). (C) Relative expression of BAG1 and TgPL1 normalized against tubulin 1A using the 2~ **“" method between tachyzoites and bradyzoites. BAG1 was
used to determine the switch efficiency. A relative expression value greater than 1 indicates higher expression in bradyzoites than tachyzoites. Three biological

replicates and two technical replicates were performed.

ATgPL1 parasites form bradyzoite cysts in vitro and in vivo.
Because TgPL1 expression localizes to the cyst wall, we deter-
mined whether the TgPLI gene is necessary for cyst formation. In
vitro cyst formation was assayed by culturing parasites under low-
CO, and high-pH conditions for 2, 3, or 5 days. No differences
were seen in the ability of ATgPL1 to form cysts at any of the time
points when assayed for DBA expression and cyst wall formation
(data not shown). In vivo cyst formation was assayed using
C57BL/6 mice infected with 10 tachyzoites (a nonlethal dose that
allows brain cyst formation) of either WT, ATgPL1, or ATgPL1
genetically complemented with the TgPLI genomic locus (com-
plement). At 4, 6, and 8 weeks postinfection, brains were collected,
and the numbers of cysts per brain were determined. Cyst num-
bers from WT-, ATgPL1-, and complement-infected mice were
similar (Fig. 4).

Mice infected with ATgPL1 parasites are less susceptible to
TE than WT-infected mice. To discover whether the TgPLI gene
has a role in the development of TE, C57BL/6 mice were infected
with 10> WT, ATgPL1, or complement tachyzoites and allowed to
progress into chronic infection. Survival rates for mice infected
with all three strains were similar during late acute and early
chronic infection prior to 7 weeks postinfection. Between 7 and 11
weeks, all of the WT-infected mice were sacrificed due to enceph-
alitic symptoms, including paralysis, tremors, head tilt, and/or
severe balance and coordination problems (Fig. 5A). In contrast,
the majority of ATgPLI-infected mice were asymptomatic and
survived past 12 weeks postinfection. Mice infected with the com-
plement strain were symptomatic and needed to be sacrificed at
rates similar to those for WT-infected mice. The differences in
mortality rates between those infected with WT and ATgPL1 (P <
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0.0001), ATgPL1, and complement (P = 0.0147) were statistically
significant but were not significant between WT and complement
strains. When we examined the histology of the WT-infected
brains, we saw a large number of inflammatory lesions, another
indication of encephalitis. These data indicate that TgPLI may
contribute to the induction of TE by 12 weeks postinfection.

ATgPL1-infected mice maintain viable cysts at 12 weeks
postinfection. One possible reason why the ATgPLI-infected
mice did not succumb to TE was that the mice had cleared the
tissue cysts from the brain. To examine this possibility, the cyst
burden was assessed in the surviving mice at 12 weeks postinfec-
tion. Cyst burdens in the surviving ATgPLI-infected mice ranged
from 20,000 to 65,000 cysts per brain, which was comparable to
cyst burdens in the ATgPL1-infected mice at 4, 6, and 8 weeks
postinfection (Fig. 4). Another explanation for the lack of TE in
ATgPLI-infected mice was that the parasites within the cysts were
no longer viable and therefore were unable to cause disease. To
assay the viability of the ATgPL1 cysts, we performed a mouse
bioassay in IFN-y~'~ mice, which are highly susceptible to T.
gondii. All mice succumbed to infection at day 7 postinfection,
indicating that ATgPL1 cysts are infectious at 12 weeks postinfec-
tion (data not shown).

ATgPL1 parasites do not convert from bradyzoites to
tachyzoites efficiently. Another possible explanation for the re-
duced TE in ATgPL1-infected mice is that ATgPL1 parasites do
not readily revert from bradyzoite cysts into tachyzoites. To ex-
amine this hypothesis, we cultured WT, ATgPL1, or complement
parasites under bradyzoite induction conditions for 5 days, sy-
ringe lysed the cysts, and grew them under tachyzoite conditions.
Western blot analysis of the tachyzoite-specific surface antigen
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FIG 4 ATgPL1 does not have reduced cyst numbers in vivo. C57BL/6 mice
were infected with 1,000 tachyzoites of the wild type (diamonds), ATgPLI1
(circles), or complemented ATgPL1 (Comp; X). Mice were sacrificed at 4, 6, 8,
or 12 weeks postinfection, and cyst burdens were assessed by fluorescence
microscopy. Each symbol represents cyst counts from an individual mouse,
and the horizontal bars indicate the mean of each group. No significant differ-
ences in cyst numbers were seen between WT-, ATgPL1-, and complement-
infected mice.

SAG1 showed that while ATgPL1 parasites express SAG1 nor-
mally when grown continuously as tachyzoites, SAGI is not read-
ily induced in ATgPL1 bradyzoites grown under tachyzoite con-
ditions, even after 72 h (Fig. 5B). Conversely, BAG1 was highly
induced in ATgPL1 bradyzoites and was still abundant when
ATgPLI1 bradyzoites were grown for 72 h under tachyzoite condi-
tions (Fig. 5B). In fact, BAG1 protein was apparent in ATgPL1
tachyzoites when the blot was overexposed, despite the fact that the
parasites had been continuously grown as tachyzoites for many pas-
sages (data not shown). These results indicate that certain stage-spe-
cific genes are misregulated in ATgPLI parasites and that ATgPL1
parasites may be defective in bradyzoite-to-tachyzoite reactivation.
ATgPL1-infected mice have fewer inflammatory lesions at 8
weeks postinfection. We had seen inflammatory lesions in the
brains of WT-infected mice, most likely resulting from reactiva-
tion of bradyzoite cysts. As ATgPL1 parasites may be defective in
bradyzoite reactivation, we determined the number of inflamma-
tory lesions in WT-, ATgPL1-, or complement-infected mice.
Eight weeks after infection, the brains were perfused, fixed, serially
sectioned, and stained with hematoxylin and eosin. Sections
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throughout the whole brain were analyzed by counting the foci of
inflammatory cells per section (Fig. 5C). Mice infected with WT or
ATgPL1-complemented parasites had statistically significantly
higher numbers of inflammatory lesions per brain section than
ATgPLI-infected brains (Fig. 5D). No inflammatory lesions were
seen in uninfected, age-matched control mice.

ATgPL1-infected mice have higher cytokine levels at 8 weeks
postinfection. To understand why ATgPL1-infected mice had fewer
inflammatory lesions in their brains, we measured the levels of cyto-
kines associated with chronic T. gondii infection (IL-12p70, IFN-,
TNF-a, MCP-1, IL-6, and IL-10). There were no significant dif-
ferences in the serum levels of any of these cytokines between WT-
and ATgPL1-infected mice at 4 or 6 weeks postinfection (see Fig.
S2 and S3 in the supplemental material). At 8 weeks postinfection,
the average levels of IFN-vy, TNF-o,, MCP-1, and IL-6 were signif-
icantly higher in ATgPL1-infected than in WT-infected mice (Fig.
6). These cytokine levels were also higher in ATgPL1-infected than
in complement-infected mice, but the differences did not reach
the significance cutoff. These results indicate that high cytokine
levels are maintained in the absence of TgPL1, which prevents the
encephalitic state seen in C57BL/6 mice.

DISCUSSION

The development of TE in mice has been well characterized, but
the contributions of specific parasite factors involved in the dis-
ease have not been determined. In response to stress, the TgPL1
protein changes its localization to the host-parasite interface and
alters the parasite’s interactions with the host cell. To our knowl-
edge, this is the first report to identify a specific T. gondii gene
involved in the development of encephalitis. ATgPL1-infected an-
imals are less susceptible to TE and have fewer brain inflammatory
lesions and higher serum IFN-vy, TNF-o, MCP-1, and IL-6 levels
than WT-infected controls. ATgPL1 parasites also appear to be
defective in bradyzoite-to-tachyzoite reactivation. These data sug-
gest that in WT parasites, TgPL1 plays a role in reactivation and in
reducing cytokine levels during chronic infection, which contrib-
ute to the development of TE.

Mice with the H-2" haplotype (which includes C57BL/6 mice)
develop inflammatory changes in their brains during chronic infec-
tion with T. gondii, whereas mice with the H-2* or H-2¢ haplotype
do not (22). Examining cytokine levels in WT- and ATgPL1-in-
fected C57BL/6 mice leading up to the onset of TE gives insights
into which immunological processes are likely to be subverted by
TgPLI1.IFN-vy (23), TNF-a (24), and IL-6 (25) have been shown to
be directly involved in resistance to TE. Likewise, MCP-1 is tran-
scribed to high levels in the brains of chronically infected mice
(26),and MCP-1"'" mice have more severe neuropathology early
in chronic infection than wild-type mice (27). While the serum
IL-12 and IL-10 levels did not consistently drop in ATgPL1-in-
fected animals as they do for WT-infected mice at 8 weeks postin-
fection, both of these cytokines have also been previously shown
to be critical for limiting inflammation during TE (28, 29). The
consistency of our findings with previous results suggests that
ATgPL1 parasites will be a useful model for studies of TE in H-2"
haplotype mice.

We examined multiple possible reasons why ATgPL1-infected
mice did not succumb to TE. First, we determined whether
ATgPLI-infected mice clear the tissue cysts over time. Cyst counts
performed at 12 weeks postinfection showed cyst burdens com-
parable to those at 4, 6, and 8 weeks postinfection. Another expla-
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FIG 5 ATgPLI-infected mice have delayed TE and reduced brain inflammatory foci. (A) C57BL/6 mice were infected with 1,000 tachyzoites and monitored for
survival. The graph is a compilation of 4 independent experiments, with 17 total mice infected with WT parasites, 18 mice infected with ATgPL1 parasites, and
12 mice infected with complemented ATgPL1 (comp) parasites. For statistical analysis, log rank (Mantel-Cox) values for WT versus ATgPL1 had a P value
of <0.0001 and for ATgPL1 versus comp they had a P value of 0.0147, and differences were not significant for WT versus comp. (B) WT (W), ATgPL1 (A), or
complemented ATgPLI (C) parasites were grown as tachyzoites (Tachy) or bradyzoites (Brady) for 5 days. The bradyzoites were syringe lysed and grown under
tachyzoite conditions for 24 (B—T 24 hr), 48 (B—T 48 hr), or 72 (B—T 72 hr) hours. The parasites were assessed for protein expression by Western analysis with
anti-SAG1 (SAG1), anti-BAG1 (BAG1), or anti-B-tubulin (B-tub) as a loading control. Shown is a representative immunoblot from three independent
experiments. (C) Example of a section of a wild-type-infected brain at 8 weeks postinfection. Sections were stained with hematoxylin and eosin and then scanned
using light microscopy to identify aggregates of 10 or more inflammatory cells. The arrowheads indicate examples of foci. Scale bar = 50 pm. (D) Three C57BL/6
mice from two independent experiments (a total of 6 mice per strain) were infected with either WT (diamonds), TgPL1 (circles), or complemented (Comp)
(triangles) parasites and allowed to establish a chronic infection for 8 weeks. After fixation, 5-pum sections were taken every 100 wm, providing 36 total sections
per animal. Each symbol represents the total number of inflammatory loci counted in the 36 sections for each individual mouse, and the horizontal bars indicate

the mean of each group. Significance was analyzed by one-way ANOVA. ***, P < 0.0001.

nation was that ATgPL1 cysts were no longer viable, but a mouse
bioassay concluded that ATgPL1 cysts were infectious. A third
possibility is that ATgPL1 cysts are defective in reactivation. While
reactivation was grossly examined in the bioassay in IFN-y '~
mice, these mice are so susceptible to T. gondii that a single viable
parasite is lethal, and thus, subtle defects in reactivation would be
missed. Therefore, we examined the reactivation of tissue culture
bradyzoites by Western blotting for the stage-specific proteins
SAGI1 and BAGI. When stress-induced bradyzoites were grown
under tachyzoite conditions, SAG1 was readily induced in WT
and ATgPL1-complemented parasites, but not in ATgPL1 para-
sites. Expression of BAG1 was higher in ATgPL1 bradyzoites than
in WT and ATgPL1-complemented bradyzoites and was still ap-
parent after 72 h of growth under tachyzoite conditions. These
studies indicate that suppression and induction of certain genes
may be defective during ATgPL1 bradyzoite-to-tachyzoite stage
transition. Future genome-wide expression analyses will elucidate
the extent of the development and/or reactivation defect present
in ATgPL1.

TgPL1 has homology to PLPs (17), which may suggest a mech-
anism for this modulation. PLPs typically have lipid hydrolase
activity, most notably phospholipase A, activity, which results in
lysophospholipid and fatty acid production (30). Myristic and
palmitic acids, which are abundant in 7. gondii, have been found
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to suppress production of TNF-a in macrophages (31). However,
TgPL1 lacks one of the catalytic residues that is necessary for PLA,
activity in other homologs (17) and has been shown not to have
PLA, activity (18). Because the other active-site residues are con-
served, TgPL1 may be involved in binding phospholipids. Lipid
binding activity would allow TgPL1 to sequester molecules that
could lead to cytokine production or perhaps to act as a coenzyme
that delivers phospholipids to other PLA, enzymes.

Plant patatin changes location from within vesicles to the cy-
toplasm in response to stress (5), but the timing and mechanism of
this localization change have not been elucidated. TgPL1 is mostly
within the parasite 1 day after macrophage activation, but after 5
days under macrophage activation conditions, TgPL1 is largely
localized to the PV (18). Similarly, after 5 days under bradyzoite
development conditions, TgPL1 is mostly found in the PV and
colocalizes with DBA (Fig. 1). This delayed response may indicate
that new protein synthesis occurs, so we examined if TgPL1 initi-
ates at different methionines in the tachyzoite and bradyzoite
stages. These studies indicate that the mechanism of TgPL1 local-
ization change is not due to differences in the translation start site,
as TgPL1 begins from one of the first two initiator methionines in
both tachyzoites and bradyzoites. The lack of TgPL1 expression
when these two codons were mutagenized could be due to a non-
optimal sequence context for the third ATG. The optimal start
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FIG 6 ATgPL1-infected mice have higher cytokine levels at 8 weeks postinfection. The graphs are compilations of 3 independent experiments, with 3 uninfected
age-matched control mice (uninf) (squares), 10 mice infected with WT parasites (diamonds), 12 mice infected with ATgPL1 parasites (circles), and 7 mice
infected with complemented ATgPL1 parasites (comp) (triangles). Sera were collected at 8 weeks postinfection, and serum cytokine levels were assessed by
cytometric bead array for the interleukin 12 heterodimer (IL-12p70) (A), TNF-a (B), IFN-y (C), MCP-1 (D), IL-10 (E), and IL-6 (F). Each symbol represents
cytokine levels from an individual mouse, and the horizontal bars indicate the mean of each group. *, P < 0.05; **, P < 0.01.

codon sequence context for T. gondii is GNCAAAATGG (32). The
sequence context around the third ATG is TTCTGTATGT, which
has only one of the preferred T. gondii base pairs in those posi-
tions. The second ATG has the best sequence context (GACATG
ATGA), which has optimal residues at 3 of the designated posi-
tions. Alternatively, the M1-2 mutant may be mislocalized and/or
misfolded and then degraded by the parasite. In any case, here we
have shown that the open reading frame of TgPL1 does not change
between tachyzoites and bradyzoites. It may be that a subset of T.
gondii vesicles are delivered to the PV space under stress condi-
tions. We have seen partial colocalization of TgPL1 with some of
the plant-like vacuole markers (data not shown), but none of the
resident plant-like vacuole proteins we have examined so far
change location in response to stress. It is possible that the partial
colocalization of plant-like vacuole markers with TgPLl in
tachyzoites is due to shared compartmentalization during early
trafficking but that TgPL1 localizes to an uncharacterized vesicle
distinct from the plant-like vacuole. We plan to characterize
TgPL1 trafficking in the future. Understanding the mechanism of
the TgPL1 localization change in bradyzoites will undoubtedly
uncover interesting cell biology.

This study identifies a role for the T. gondii gene TgPLI in the
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development of TE. We show that a ATgPL1 mutant is able to
develop viable cysts in the brains of C57BL/6 mice, similar to WT
parasites. In contrast to WT-infected mice, which succumb to TE
by 11 weeks, the ATgPLI-infected mice survive past 12 weeks and
maintain viable cysts. This phenotype correlates with the loss of
IFN-v, TNF-q, IL-6, and MCP-1 in WT-infected mice but with
maintenance of these cytokines in ATgPLI-infected animals. Fur-
ther studies will elucidate the mechanism by which TgPL1 alters
cytokine production during chronic infection.
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