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ABSTRACT The opportunistic intracellular parasite Toxoplasma gondii causes a life-
long chronic infection capable of reactivating in immunocompromised individuals,
which can lead to life-threatening complications. Following invasion of the host cell,
host mitochondria associate with the parasitophorous vacuole membrane. This phe-
notype is T. gondii strain specific and is mediated by expression of a host mitochon-
drial association-competent (HMA™) paralog of the parasite protein mitochondrial
association factor 1 (MAF1b). Previous work demonstrated that expression of MAF1b
in strains that do not normally associate with host mitochondria increases their fit-
ness during acute infection in vivo. However, the impact of MAF1b expression dur-
ing chronic T. gondii infection is unclear. In this study, we assess the impact of
MAF1b expression on cyst formation and cytokine production in mice. Despite gen-
erally low numbers of cysts generated by the in vitro culture-adapted strains used in
this study, we find that parasites expressing MAF1b have higher numbers of cysts in
the brains of chronically infected mice and that MAF1b™* cyst burden significantly in-
creases during the course of chronic infection. Consistent with this, mice infected
with MAF1b™* parasites have higher levels of the serum cytokines RANTES and VEGF
(vascular endothelial growth factor) at day 57 postinfection, although this could be
due to higher parasite burden at this time point rather than direct manipulation of
these cytokines by MAF1b. Overall these data indicate that MAF1b expression may
also be important in determining infection outcome during the chronic phase, either
by directly altering the cytokine/signaling environment or by increasing proliferation
during the acute and/or chronic phase.

IMPORTANCE The parasite Toxoplasma gondii currently infects approximately one-

third of the world’s population and causes life-threatening toxoplasmosis in individ-

uals with undeveloped or weakened immune systems. Current treatments are un-
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hronic Toxoplasma gondii infection is marked by the presence of a slow-growing

form of the parasite (called the bradyzoite) within cysts that reside primarily in the
muscle and central nervous system tissue, including the brain (1, 2). These tissue cysts
are refractory to current drug treatments and persist for the life of the infected host (3).
Cysts can be found in the brains of infected mice as early as 2 weeks postinfection, and
the number of cysts in the brains of infected mice reaches a plateau 4 weeks postin-
fection (4). The majority of cysts in the brain are spheroidal, and they have a diameter
between 5 and 70 um (2). However, large cysts with a diameter greater than 70 um are
observed, and the number of observed large cysts is greater 5 to 8 weeks postinfection
compared to 3 to 4 weeks postinfection (5). Cysts remain intracellular and are sur-
rounded by a glycosylated cyst wall (2, 6).

A number of cyst wall components and other parasite proteins necessary establish
or maintain chronic infection have been identified. CST1 is a glycoprotein found within
the cyst wall and is responsible for Dolichos biflorus binding to T. gondii cysts (6, 7).
Deletion of CSTT results in a thin and fragile cyst wall, as well as reduced cyst numbers
in the brains of infected mice (8). The disruption of the bradyzoite pseudokinase 1
(BPKT) gene results in significantly smaller cysts 8 weeks postinfection, and these cysts
have a reduced ability to cause oral infection in mice (9). Deletion of genes encoding
several T. gondii rhoptry proteins (ROPs) individually or in combination significantly
reduces cyst burden in chronically infected mice, specifically ROP2/8, ROP4/7, ROP5,
ROP17, ROP18, ROP21, ROP22, ROP25, ROP27, ROP31, ROP35, ROP36, ROP37, ROP38/
29/19, ROP40, and ROP41 (10, 11). Together, these studies suggest that the secreted
rhoptry kinome plays an important role during chronic infection.

Previous work has established that expression of a host mitochondrial association-
competent (HMA™) copy of the T. gondii protein, mitochondrial association factor 1
(MAF1b), alters the host cytokine response (12) and provides a competitive advantage
during the acute phase of infection in a mouse model (13). At 5 days postinfection (dpi),
the serum concentrations of 14 out of 26 cytokines tested (interleukin-10 [IL-10],
granulocyte colony-stimulating factor [G-CSF], IL-3, IL-1a, Ccl5, Ccl7, IL-13, IL-4, IL-23,
IL-2, IL12p70, interferon gamma [IFN-v], IL-6, and Ccl3) were reduced in mice infected
with a T. gondii RHAMAF1 mutant compared to mice infected with the wild-type strain
(RH:WT) (12), although there were no significant MAF1-dependent differences in mouse
morbidity. However, it has also been shown that expression of an HMA* copy of MAF1
(specifically TJMAF1RHb1 [13; GenBank accession no. KU761334], here referred to as
MAF1b) in parasites that do not normally exhibit HMA provided a competitive advan-
tage in a mixed population of HMA* and HMA~ parasites during the acute phase of
infection (13), suggesting that in the type Il genetic, background, MAF1b expression
(and therefore HMA itself) can influence infection outcome in vivo.

Here we aimed to assess the impact of MAF1b complementation in naturally HMA~
parasites on the progression and maintenance of chronic infections in mice and the
cytokine responses that occur during the progression of disease over a 4-week period
of infection. Recently published in vivo dual-transcriptional profiling of T. gondii and
host (in this case, mouse) RNA, which is available at ToxoDB.org, suggests that MAF1
expression remains high (>80th percentile) during chronic infection (14). This is
consistent with additional data sets both in vivo (15) and in vitro (ToxoDB.org). It is
therefore possible that MAF1b expression and/or MAF1b-mediated HMA impacts par-
asite biology during chronic infection. Here we provide evidence that mice infected
with MAF1b-expressing parasites have higher cyst burdens and altered serum cytokine
levels compared to those infected with its wild-type counterpart.

RESULTS

Exogenous MAF1b expression in type Il parasites increases cyst burden of
chronically infected CBA/J mice 4 and 8 weeks postinfection. Previous work used a
BALB/c mouse model to determine that MAF1b expression in type Il T. gondii and the
resulting HMA provide a growth advantage during acute infection (13). It is difficult to
assess chronic infection in a BALB/c mouse, as chronic infection in BALB/c mice results
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in low numbers of brain cysts (16). We therefore used a CBA/J mouse model, as CBA/J
mice have higher numbers of brain cysts during chronic infection (17, 18). We first
performed a dose curve with type Il (TgME49:EV [empty vector]) and MAF1b comple-
mented type Il parasites (TgME49:MAF1b) in CBA/J mice to determine an appropriate
sublethal dose. CBA/J mice were infected with 10, 100, or 1,000 parasites of either
TgME49:EV or TgME49:MAF1b, and acute infection was assessed (3 mice per strain per
dose). Similar numbers of viable parasites for each strain were confirmed by plaque
assay (TgME49:EV, 18/100; TgME49:MAF1b, 23/100), and parasite burden was moni-
tored daily using bioluminescence. As previously observed in BALB/c mice (13), there
was no significant difference in parasite burdens between TgME49:EV- and TgME49:
MAF1b-infected mice during acute infection at any dose (Fig. 1), with the exception of
a single time point, 7 dpi at a dose of 1,000 parasites, for which mice infected with
TgME49:EV had significantly higher bioluminescence than mice infected with TgME49:
MAF1b (P = 0.0004). Although mice became moribund at both the 100- and 1,000-
parasite doses, there was no significant difference in survival rates between TgME49:EV-
and TGME49:MAF1b-infected mice (Fig. 1).

To assess the impact of MAF1 expression on chronic infection, CBA/J mice were
infected with 1,000 parasites of either T9ME49:EV or TgME49:MAF 1b, and infection was
allowed to progress to the chronic stage (10 mice per strain). Mice were then eutha-
nized at the indicated times, and brains were removed in order to quantify cyst burden.
Cyst burden was quantified for half the mice at 28 dpi and at 56 (experiment 1) or 60
(experiment 2) dpi for the remaining half. Cyst numbers were generally low compared
to those of published studies (5, 10), which may be a result of a high number of
passages in cell culture for this particular parental strain. However, cyst numbers were
consistent within treatment groups, and each experiment was conducted with inde-
pendently generated TgME49:MAF1b and TgME49:EV clones to control for variation
due to MAF1b insertion location and passage history.

For both experiments, there was a significantly higher cyst burden in mice infected
with TgME49:MAF1b compared to mice infected with TJME49:EV (Fig. 2). For the first
experiment, mice infected with TJME49:EV had an average of 48.4 cysts (standard
deviation [SD], 15.7; n = 5) at 28 dpi and 57.8 cysts (SD, 27; n = 4) at 56 dpi, while mice
infected with TgME49:MAF1b had an average of 132 cysts (SD, 49.3; n = 3) at 28 dpi and
205 cysts (SD, 91.9; n = 2) at 56 dpi. An ordinary one-way analysis of variance (ANOVA)
followed by multiple comparisons (comparing only within a time point or parasite
treatment for a total of 4 comparisons) with a Holm-Sidak correction found that in this
experiment, the difference in cyst burdens was significant between TgME49:EV- and
TgME49:MAF 1b-infected mice at 56 dpi (P = 0.007). For the second experiment, mice
infected with TJME49:EV had an average of 20.5 cysts (SD, 7.7; n = 4) at 28 dpi and 30.4
cysts (SD, 13.7; n = 5) at 60 dpi, while mice infected with TJME49:MAF1b had an
average of 34.5 cysts (SD, 11.8; n = 4) at 28 dpi and 97.6 cysts (SD, 33.3, n = 5) at 60
dpi. Following an ordinary one-way ANOVA and multiple comparisons, we found that
once again, the difference in cyst burdens between TgME49:EV- and TgME49:MAF1b-
infected mice was significant at 60 dpi (P = 0.0005). Additionally, for this experiment
the difference in cyst burdens of TgME49:MAF 1b-infected mice was significant between
28 and 60 dpi (P = 0.0012).

Serum cytokine levels differ between mice infected with wild-type type II
parasites and type Il parasites expressing MAF1b throughout infection. Previous
work has shown that the host cytokine response is elevated during the acute stage of
T. gondii infection when MAF1b is expressed (12). To determine if the host response is
altered throughout infection, we infected C57BL/6J mice with 1,000 parasites of
TgME49:EV or TgME49:MAF1b and collected blood samples during acute and chronic
infection (10 mice per strain). For this experiment, C57BL/6J mice were used as they are
susceptible to chronic T. gondii infection (17, 18) and C57BL/6J is the background strain
for the vast majority of knockout mouse strains. Serum cytokine levels were measured
by Luminex 0, 7, 21, 28, and 57 dpi. Two mice appeared to be uninfected, as there was
no observed bioluminescence during imaging and there was no interferon gamma
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FIG 1 MAF1b expression does not significantly alter parasite burden or mouse survival during acute infection in CBA/J mice.
Female CBA/J mice were infected with 10, 100, or 1,000 parasites of TJME49:EV or TgME49:MAF1b, and acute infection was
monitored by bioluminescence imaging. (A, C, and E) Quantification of bioluminescence in mice infected with 10, 100, or 1,000
parasites. There was no significant difference in bioluminescence between TgME49:EV (EV)- and TgME49:MAF1b
(TgMAF1RHb1)-infected mice at any time at any dose, with the exception of the time point 7 dpi for mice infected with 1,000
parasites, where mice infected with TJME49:EV had significantly higher bioluminescence than mice infected with TgME49:
MAF1b (*, P = 0.0004). (B, D, and F) Survival curves of mice from panels A, C, and E. There were no significant differences in
survival at any dose. (G) Images of infected mice quantified in E on 3, 6, 9, and 12 dpi.

(IFN-v) response, so these mice were eliminated from statistical analyses and graphical
representation (one mouse injected with TJME49:EV in the group that was euthanized
at 57 dpi and one mouse injected with TJME49:MAF1b in the group that was eutha-
nized at 28 dpi).
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FIG 2 MAF1b expression increases cyst burden in chronically infected CBA/J mice. Female CBA/J mice were
infected with 1,000 parasites of TgME49:EV or TgME49:MAF1b. Parasite viability was confirmed by plaque assay
(experiment 1, TgME49:EV, 382/1,000, and TgME49:MAF1b, 404/1,000; experiment 2, TgME49:EV, 271/1,000, and
TgME49:MAF1b, 364/1,000). Half of each group was sacrificed at 28 dpi, and the remainder were sacrificed 56
(experiment 1) or 60 (experiment 2) dpi. Brains were removed from sacrificed mice and divided sagitally. The left
half of each brain was homogenized, and cysts were isolated by Percoll gradient before being stained with
rhodamine-conjugated Dolichos biflorus agglutinin. Cysts were then quantified using an inverted fluorescence
microscope. Mice infected with TJME49:MAF1b had a higher cyst burden than mice infected with TJME49:EV. This
difference was significant 56 or 60 dpi (*, P = 0.007; ***, P = 0.0005). There were also significantly more cysts 60

dpi compared to 28 dpi in TgME49:MAF1b-infected mice in experiment 2 (**, P = 0.0012).

We conducted a two-way ANOVA of all 32 cytokines and then applied a Bonferroni’s
correction to the ANOVA P values (see Table S1 in the supplemental material). Of the
32 cytokines, six had P values of <0.05 for the parasite strain type factor after the
Bonferroni correction. For these six cytokines (G-CSF, IL-6, MIP-1b, RANTES, tumor
necrosis factor alpha [TNF-a], and vascular endothelial growth factor [VEGF]), we
conducted multiple comparisons with a Holm-Sidak correction to compare cytokine
levels of TgME49:EV-infected mice to TgME49:MAF 1b-infected mice for each time point.
G-CSF, IL-6, MIP-1b, and TNF-a were each significantly different at 7 dpi, with higher
expression in TJME49:MAF 1b-infected mice (G-CSF, P < 0.0001; IL-6, P < 0.0001; MIP-
1b, P = 0.0007; TNF-a, P < 0.0001). For RANTES, TgME49:MAF1b-infected mice had
significantly higher expression 28 (P = 0.0072) and 57 (P = 0.0070) dpi. There was also
significantly higher VEGF expression in TgME49:MAF1b-infected mice at 57 dpi
(P < 0.0001).

We then examined the cytokine data for general expression patterns regardless of
whether or not they had significant differences between parasite strains. For 15 of the
32 cytokines, all Luminex measurements remained at levels similar to those in the
prebleed serum (see Table S2 in the supplemental material), and we therefore catego-
rized them as “undetectable.” Seven cytokines (G-CSF, IFN-v, IL-3, IL-5, IL-6, KC, and
TNF-a) were elevated at 7 dpi, but then returned to near prebleed levels of expression
by 21 dpi (Fig. 3A). All seven were higher in T9ME49:MAF 1b-infected mice compared to
TgME49:EV-infected mice; however, as stated above only G-CSF, IL-6, and TNF-«
expression were significantly different at 7 dpi (P < 0.0001). It should be noted that for
IFN-y, KC, and TNF-a, we are able to measure these cytokines in the serum at levels
greater than prebleed at 21, 28, and 57 dpi; however, the level of expression is low
compared to expression during acute infection (Fig. 3B). Four additional cytokines (IL-9,
MIG, MIP-1b, and MIP-2) are elevated at 7 dpi and decrease in expression 21 dpi, but
then increase in expression from 21 to 57 dpi (Fig. 4). As previously stated, MIP-1b is
expressed at significantly higher levels in TgME49:MAF1b-infected mice compared to
TgME49:EV-infected mice at 7 dpi (P = 0.0007), but no other time point was statistically
significant.

Four more cytokines (eotaxin, IL-2, RANTES, and VEGF) remained relatively low
during acute infection, and then expression increased throughout chronic infection
(Fig. 5). Generally, TJME49:MAF1b-infected mice had higher levels of all four of these
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FIG 3 Seven cytokines are elevated during acute infection and return to near preinfection levels during chronic infection. Female C57BL/6J mice
were infected with 1,000 parasites of TJME49:EV or TgME49:MAF 1b. Blood samples were taken prior to infection, as well as 7, 21, 28, and 57 days
postinfection and processed to obtain serum samples. Serum samples were then analyzed by Luminex for the presence of 32 mouse cytokines.
For each cytokine, serum levels are given as fluorescent intensity (FI) minus background. Each point represents a single mouse: blue circles
indicate mice infected with TgME49:EV, and red squares indicate mice infected with TgMe49:MAF1b. (A) FI minus background for 0, 7, 21, 28, and
57 dpi of seven cytokines elevated during acute infection, but returning to near prebleed levels during chronic infection. Time points where
expression was significantly different between TgME49:MAF1b- and TgME49:EV-infected mice are indicated by asterisks. (B) A closer look at 21,
28, and 57 dpi for three of the seven cytokines that were still expressed at low levels during chronic infection. The gray dotted line indicates the

average for 0 dpi.

cytokines compared to TgME49:EV-infected mice, and this difference was significant for
RANTES at 28 and 57 dpi, as well as for VEGF at 57 dpi. The remaining two cytokines
(IP-10 and MCP-1) did not fall into any of the previous categories (Fig. 6). For IP-10,
expression was measured above prebleed levels during acute infection and remained
at similarly high levels throughout chronic infection. MCP-1 was measured above
prebleed levels at 7 dpi, expression returned to near prebleed at 21 dpi, but then was
measured above prebleed levels again at 28 dpi, and returned to prebleed by 57 dpi.
At 7 dpi, MCP-1 was higher in TgME49:EV-infected mice, but then at 28 dpi, expression
was higher in TgME49:MAF 1b-infected mice. These differences were not significant.

DISCUSSION

Here we provide evidence that MAF1b expression may play a role in the establish-
ment and maintenance of chronic T. gondii infection. Type Il parasites, such as the
TgMEA49 strain, do not normally express a copy of MAF1 capable of mediating HMA
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FIG 4 Cytokines expressed during acute infection are expressed at a low level during early chronic
infection and then increase in expression throughout the remainder of chronic infection. For each
cytokine, serum levels are given as FlI minus background. Each point represents a single mouse: blue
circles indicate mice infected with TgME49:EV, and red squares indicated mice infected with TgME49:
MAF1b. A time point where expression was significantly different between TgME49:EV- and TgME49:
MAF1b-infected mice is indicated by an asterisk.

(specifically the “B” paralogs [13]). T9ME49 parasites are quite capable of establishing
chronic infection and forming tissue cysts in the brains of infected mice. However, the
exogenous expression of an HMA-competent copy of MAF1 (TJMAF1RHb1) leads to a
higher number of cysts in the brains of chronically infected mice compared to mice
infected with wild-type type Il parasites. The observed difference in cyst burden could
be due to the slight increase in HMA™ parasite growth during acute infection, leading
to the establishment of more cysts. However, there is also a significant increase in cyst
burden from 4 to 8 weeks postinfection only in mice infected with TgME49:MAF1b (but
not TgME49:EV). This suggests that, in addition to its role during the acute phase of
infection, MAF1b also plays a role in cyst formation, growth, and/or stability, at least
during days 28 to 56 postinfection.

It has traditionally been thought that bradyzoites within tissue cysts are limited in
their replicative capabilities. However, a recent study looking directly at parasite
division within tissue cysts in vivo has shown that bradyzoites replicate both asynchro-
nously and synchronously within mature cysts (5). Our data showing an increase in cyst
burden of mice infected with TgME49:MAF1b over time also support the idea that
bradyzoites are capable of growth, possibly via replication of parasites within cysts.
However, the mechanism by which the cyst burden of TgME49:MAF1b-infected mice
increases between days 28 and 56 remains unknown. Further investigations into the
mechanism of increased cyst burden over time in these mice will be limited by the lack
of technology available to track chronic infection in vivo. Staining for T. gondii inner
membrane complex protein 3 (TgIMC3) and examination of replication of bradyzoites
within cysts may be useful in determining if MAF1b-expressing parasites have altered
replication patterns in vivo compared to wild-type type Il bradyzoites (5). Inducible
deletion (via inducible cre-mediated recombination systems, for example [19, 20]) of the
entire MAF1 locus in mice would also help to determine how MAF1b expression
mediates changes in cyst size and/or bradyzoite replication.

In addition to a higher number of brain cysts, mice chronically infected with
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FIG 5 Cytokines expressed during chronic infection. For each cytokine, serum levels are given as Fl
minus background. Each point represents a single mouse: blue circles indicate mice infected with
TgME49:EV, and red squares indicated mice infected with TgME49:MAF1b. Time points where expression
was significantly different between TgME49:EV- and TgME49:MAF1b-infected mice are indicated by

asterisks.

TgME49:MAF1b have generally elevated cytokine levels compared to the TJME49:EV-
infected controls. Cytokines fall broadly into six categories based on their temporal and
strain-specific expression profiles. For nearly half of the cytokines (15 of 32 [Table S1]),
detection in the serum remained at levels similar to those in the samples collected prior
to T. gondii infection. Of the remaining 17 queried cytokines, 13 have expression higher
than prebleed levels during acute infection (Fig. 3A, 4, and 6), including several that
have been previously identified as being induced during T. gondii infection (G-CSF, IL-3,
IL-6, and IFN-y [12]). Remarkably, for the 13 cytokines that were expressed during acute
T. gondii infection, 12 were higher in mice infected with TgME49:MAF1b compared to
TgME49:EV. Seven of the 13 cytokines expressed during acute infection return to
preinfection levels by 28 dpi, suggesting a primary role in responding to and/or
controlling acute infection. It is important to note that of these seven, three are still
expressed at low levels during chronic infection (IFN-y, KC, TNF-« [Fig. 3B]), and for
IFN-v, it has been shown that this cytokine is key for control of chronic T. gondii
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FIG 6 Cytokines with unique expression patterns. For each cytokine, serum levels are given as FI minus
background. Each point represents a single mouse: blue circles indicate mice infected with TJME49:EV,
and red squares indicated mice infected with TgME49:MAF1b.
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infection (21). An additional six cytokines expressed during acute infection are also
expressed during chronic infection, and in fact for MIG, MIP-2, and IL-9, peak expression
is at 57 dpi (Fig. 4). It is possible that these cytokines play roles during both acute and
chronic T. gondii infection. MIG, MIP-1b, and MIP-2 are chemoattractants, responsible
for recruiting T lymphocytes and granulocytes to sites of inflammation (22-24). These
cytokines may be expressed in order to attract host immune cells to the tissues with
parasites in order to promote the recognition and clearance of T. gondii. IL-9 is a
T-lymphocyte growth factor that is also involved in antiapoptotic signaling via the
JAK/STAT pathway (25, 26). Like MIG, MIP-1b, and MIP-2, it is possible that IL-9 plays a
role in attracting the appropriate immune response to the site of T. gondii infection.

Interestingly, MCP-1 expression is higher than prebleed at both 7 and 28 dpi. It is
higher in T9ME49:MAF1b-infected mice at 28 dpi, contrary to its expression profile at
7 dpi, which is higher in TgME49:EV-infected mice (Fig. 6). MCP-1 recruits monocytes,
T lymphocytes, and dendritic cells to areas of tissue damage or inflammation (27, 28).
Given the timing of expression, it is possible that MCP-1 is expressed in response to
tissue damage during acute infection (7 dpi) and chronic infection (28 dpi). It is also
possible that the higher expression of MCP-1 observed in TgME49:MAF1b-infected mice
at 28 dpi is related to higher levels of tissue damage due to the presence of more
parasites in the tissues of these mice during chronic infection.

The final four cytokines examined by Luminex were expressed only during chronic
infection, and this expression increased from 21 to 57 dpi (eotaxin, IL-2, RANTES, VEGF
[Fig. 5]). Expression of these cytokines was generally higher in TgME49:MAF 1b-infected
mice compared to TgME49:EV-infected mice, and this difference was significant for
RANTES at 28 and 57 dpi and for VEGF at 57 dpi. Eotaxin is involved in aging (29), and
it is possible that the increase in eotaxin throughout chronic infection is due to the fact
that the mice are aging throughout the experiment. It is possible that IL-2, RANTES, and
VEGF are involved in responding to chronic infection.

Overall, when MAF1b is expressed in TgJME49 parasites, infected mice express
several proinflammatory cytokines (IFN-vy, IL-6, RANTES, TNF-«, and VEGF) at higher
levels than mice infected with wild-type TgME49 parasites. A similar increase in
expression is not seen with any of the anti-inflammatory cytokines examined by
Luminex (IL-4, IL-10, and IL-13). These data are consistent with previous work showing
a decrease in inflammatory cytokine production in RHAMAFT parasite-infected mice
compared to those infected with wild-type RH (12), even though MAFT deletion had
little impact on acute mortality (12). Together, these data suggest that MAF1b expres-
sion (and HMA) increase inflammatory responses, particularly during chronic infection.
It is possible that these are due to parasite burden differences between these strains
(13) and/or host immune responses specifically induced by MAF1b. Given the clear link
between mitochondrial biology and innate immunity (30) and the tight association that
is observed between MAF1b-expressing T. gondii and the host mitochondria (12, 13,
31), it is not unreasonable to propose that some of the inflammatory responses to
HMA™* T. gondii are due to MAF1b-mitochondrion interactions. More work with
TgMAF1b and TgMAF1a paralogs (and chimeras between them) will help to further
genetically dissect the contributions of MAF1 expression and HMA to observed host
responses.

We have shown previously that there is a selective advantage to MAF1b expression
(13); however, type |l strains do not express MAF1b, raising the question as to how the
MAF1b-null allele of the MAFT locus became fixed in the type Il lineage. One possible
explanation can found in what is known about other loci unique to T. gondii type I
strains and how they may impact host inflammatory responses. There is likely to be an
evolutionary trade-off between the growth-enhancing effects of MAF1b expression and
the proinflammatory response that it induces. While induction of higher levels of
inflammation may serve to reduce parasite growth and dissemination, it can also lead
to death of the host (32), an endpoint in T. gondii infection that is likely maladaptive
given the fact that T. gondii tissue cysts are not environmentally stable (33, 34). Type Il
parasites (which are naturally HMA™) activate the NF-«B pathway via the secreted
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protein TgGRA15 (35), which leads to the activation of inflammatory and antiapoptotic
pathways (35). Type Il parasites also have an allele of the secreted kinase TgROP16,
which is less effective than the type | and Ill alleles at downregulating IL-12 expression
via STAT3/6 activation (36). It is possible that the resulting inflammatory response due
to the combination of NF-«B activation and reduced STAT3/6 activation provided the
selective pressure necessary to select for parasites with reduced (or null) MAF1b
expression (while maintaining MAF1a expression [13]) in a MAFT locus ancestral to
present day type Il strains. These questions can be addressed using existing genetic
tools in T. gondii and highlight the fact that sexual pathogens like T. gondii harbor
multiple loci that contribute to virulence and pathogenicity in different ways. Selection
likely operates on all of these loci simultaneously to appropriately balance parasite
burden, while preserving the health of the host to allow effective transmission. MAF1b
may be another locus in the T. gondii arsenal that is capable of mediating this critical
balance.

MATERIALS AND METHODS

Parasite strains and maintenance. Parasites were maintained by serial passage in human foreskin
fibroblasts (HFFs) at 37°C and 5% CO,. HFFs were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 2mM glutamine, and 50 ug/ml each of penicillin and
streptomycin (CDMEM).

Generation of constructs and transgenic parasites. Generation of pMAFT1RHb1 (N-terminally
hemagglutinin [HA]-tagged MAF1RHb1) expression construct has been described previously (12). Trans-
genic parasite lines were generated by transfecting the TGME49Ahpt:Luc (MALuc) parental strain with
50 pg of Hindlll-linearized pMAF1RHb1 or the empty vector pGra-HA_HPT. Stable expression lines were
isolated by selection in mycophenolic acid (MIPA)/xanthine followed by limiting dilution in 96-well plates.
Transgenic parasites were maintained as passage-matched clones.

Animal experiments. Mouse experiments were performed with 4- to 8-wk-old female BALB/c, CBA/J,
or C57BL/6J mice obtained from Jackson Laboratories. All animal procedures in this study meet the
standards of the American Veterinary Association and were approved locally under IACUC protocols
12010130 and 15015428.

Mouse infection and bioluminescence imaging. Unless otherwise stated, all infections were
achieved by intraperitoneal (i.p.) injection of quantified tachyzoites suspended in 200 ul of phosphate-
buffered saline (PBS). Briefly, well-infected flasks were washed with fresh CDMEM, and then monolayers
were scraped from the bottom of the flask and syringe lysed by serial passage through a 27- and then
25-gauge needle. Lysed parasites were pelleted by centrifugation at 800 X g for 10 min, COMEM was
aspirated, and the pellet was resuspended in 1 to 3 ml PBS. Parasites were then quantified by counting
on a hemocytometer and diluted with PBS to the appropriate number of parasites per 200 wl.

Bioluminescence imaging was conducted as previously described (37). Briefly, mice were i.p. injected
with 200 ul of 15.4 mg/ml p-luciferin in PBS prior to anesthetization. Ten minutes after injection, mice
were imaged dorsally or ventrally using an IVIS Lumina Il. Images were analyzed using Living Image
software.

Serum collection. Blood samples were collected by tail or submandibular bleeding at specified time
points. For each sample, 20 to 50 ul of whole blood was collected, incubated on ice for 1 h, and
centrifuged at 2,500 X g for 10 min. Alternatively, blood was collected into serum separator tubes,
allowed to clot for 5 to 10 min, and then centrifuged at 10,000 X g for 10 min. In all cases, serum
supernatant was transferred to a new tube for further analysis, and the pelleted clot was discarded. For
final time points, blood was collected after euthanasia by cardiac puncture for a total volume of 200 to
500 wl and incubated for 1 h on ice, and serum was collected as described above.

Analysis of cytokine expression. Serum was collected as described above and stored at —80°C until
sent for Luminex bead array analysis. Samples were analyzed by the UPCI Cancer Biomarkers Facility:
Luminex Core Laboratory (supported in part by award P30CA047904) for the presence of 32 mouse
cytokines. The serum level of each cytokine was reported as fluorescence intensity minus background,
and cytokine levels were analyzed using GraphPad PRISM software. Mice were grouped by parasite strain,
and each mouse had between one and four time points used in the analysis. A two-way ANOVA was
performed using Graph Pad Prism 7 statistical software, with the experimental design set to no matching,
as missing data points from mice euthanized during the experiment would not allow for the use of a
repeated measures analysis. A Bonferroni correction of 32 was applied to the P values obtained. For
cytokines with significant P values for the column factor (parasite strain) the ANOVA was followed by
multiple comparisons with a Holm-Sidak correction between the means of mice infected with TgME49:EV
or TJME49:MAF1b at each time point to determine significant differences between serum cytokine levels.

Cyst purification, staining, and quantification. Mice were euthanized, and whole brains were
removed. Either the entire brain or the left half was stored in PBS with 3% fetal bovine serum (FBS) on
ice and then at 4°C until processing. Brain tissue was homogenized by passage through a 100-um-pore
nylon cell strainer and suspended in 3% FBS in a 50-ml conical tube. Brain homogenate was pelleted by
centrifugation at 1,500 X g for 15 min and 4°C. Excess 3% FBS was removed, leaving ~5 ml of 3% FBS
and brain homogenate. Cysts were then purified using a Percoll gradient of 5 ml each of 90%/40%/20%
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Percoll diluted in PBS layered into a new 50-ml conical tube (5). Brains were resuspended in PBS/FBS to
a total volume of 5 ml, passaged twice through an 18-gauge needle, and then layered dropwise on top
of the gradient. Gradients were then subjected to centrifugation at 1,500 X g for 15 min at 4°C. Following
centrifugation, the top layer of brain tissue and the 90% Percoll layers were removed. An additional 3%
FBS was added to the remaining Percoll and 3% FBS layers, disrupting the gradient and bringing the total
volume to 45 ml. The tubes were inverted 2 to 3 times to ensure complete disruption of the gradient
before centrifugation at 1,500 X g for 15 min at 4°C. The top 40 ml was then removed, leaving 5 ml of
3% FBS and cysts. This 5 ml was mixed and transferred to a new 15-ml conical tube, and 10 ml of 3% FBS
was added before being inverted 2 to 3 times to mix before centrifugation at 1,500 X g for 15 min at
4°C. The top 14.5 ml was then removed, and the remaining 500 ul was mixed before being transferred
to a 1.5-ml Eppendorf tube. An additional 1 ml of 3% FBS was added, and tubes were inverted 2 to 3
times to mix before centrifugation at 2,000 X g for 15 min. Three percent FBS was carefully removed by
pipette, leaving ~200 ul of 3% FBS and cysts at the bottom of the tube. Purified cysts were then stored
at 4°C until staining.

To stain and quantify cysts, a portion of whole-brain homogenate or purified cysts were pelleted

before resuspension in 100 to 250 wl 3% FBS and incubated at room temperature for 1 h. Following 1 h
of incubation, rhodamine-conjugated Dolichos biflorus agglutinin was added (1:500 dilution), and sam-
ples were incubated for 1 h at room temperature or 4°C overnight. Samples were then washed twice by
adding 1 ml 3% FBS, inverting 6 to 10 times, and then pelleting at 2,000 X g for 10 min. Following the
second wash, stained cysts were suspended in 200 ul, and 50-ul aliquots were placed into wells of a
96-well dish. Cysts were counted using an inverted fluorescence microscope, and the number of
estimated cysts per brain was calculated based on the portion of the whole brain used for quantification.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
mSphere.00471-18.

TABLE S1, PDF file, 0.1 MB.
TABLE S2, PDF file, 0.1 MB.

ACKNOWLEDGMENTS

NIH RO1-Al114655 and R21-Al110351 to J.P.B.

REFERENCES

1.

10.

11.

September/October 2018 Volume 3

Dubey JP. 1997. Tissue cyst tropism in Toxoplasma gondii: a comparison
of tissue cyst formation in organs of cats, and rodents fed oocysts.
Parasitology 115:15-20. https://doi.org/10.1017/50031182097008949.

. Dubey JP, Lindsay DS, Speer CA. 1998. Structures of Toxoplasma gondii

tachyzoites, bradyzoites, and sporozoites and biology and development
of tissue cysts. Clin Microbiol Rev 11:267-299.

. Garin JP, Eyles DE. 1958. Spiramycin therapy of experimental toxoplas-

mosis in mice. Presse Med 66:957-958. (In French.)

. Chew WK, Wah MJ, Ambu S, Segarra I. 2012. Toxoplasma gondii: deter-

mination of the onset of chronic infection in mice and the in vitro
reactivation of brain cysts. Exp Parasitol 130:22-25. https://doi.org/10
.1016/j.exppara.2011.10.004.

. Watts E, Zhao Y, Dhara A, Eller B, Patwardhan A, Sinai AP. 2015. Novel

approaches reveal that Toxoplasma gondii bradyzoites within tissue
cysts are dynamic and replicating entities in vivo. mBio 6:01155-15.
https://doi.org/10.1128/mBi0.01155-15.

. Boothroyd JC, Black M, Bonnefoy S, Hehl A, Knoll LJ, Manger ID, Ortega-

Barria E, Tomavo S. 1997. Genetic and biochemical analysis of develop-
ment in Toxoplasma gondii. Philos Trans R Soc Lond B Biol Sci 352:
1347-1354. https://doi.org/10.1098/rstb.1997.0119.

. Zhang YW, Halonen SK, Ma YF, Wittner M, Weiss LM. 2001. Initial

characterization of CST1, a Toxoplasma gondii cyst wall glycoprotein.
Infect Immun 69:501-507. https://doi.org/10.1128/IAl1.69.1.501-507.2001.

. Tomita T, Bzik DJ, Ma YF, Fox BA, Markillie LM, Taylor RC, Kim K, Weiss

LM. 2013. The Toxoplasma gondii cyst wall protein CST1 is critical for
cyst wall integrity and promotes bradyzoite persistence. PLoS Pathog
9:1003823. https://doi.org/10.1371/journal.ppat.1003823.

. Buchholz KR, Bowyer PW, Boothroyd JC. 2013. Bradyzoite pseudokinase

1 is crucial for efficient oral infectivity of the Toxoplasma gondii tissue
cyst. Eukaryot Cell 12:399-410. https://doi.org/10.1128/EC.00343-12.
Fox BA, Rommereim LM, Guevara RB, Falla A, Hortua Triana MA, Sun Y, Bzik
DJ. 2016. The Toxoplasma gondii rhoptry kinome is essential for chronic
infection. mBio 7:200193-16. https://doi.org/10.1128/mBi0.00193-16.
Jones NG, Wang Q, Sibley LD. 2017. Secreted protein kinases regulate

Issue 5 e00471-18

This work was supported by an Andrew Mellon Predoctoral Fellowship to E.D.E. and

cyst burden during chronic toxoplasmosis. Cell Microbiol 19:212651.
https://doi.org/10.1111/cmi.12651.

. Pernas L, Adomako-Ankomah Y, Shastri AJ, Ewald SE, Treeck M, Boyle JP,

Boothroyd JC. 2014. Toxoplasma effector MAF1 mediates recruitment
of host mitochondria and impacts the host response. PLoS Biol 12:
€1001845. https://doi.org/10.1371/journal.pbio.1001845.

. Adomako-Ankomah Y, English ED, Danielson JJ, Pernas LF, Parker ML,

Boulanger MJ, Dubey JP, Boyle JP. 2016. Host mitochondrial association
evolved in the human parasite Toxoplasma gondii via neofunctionaliza-
tion of a gene duplicate. Genetics 203:283-298. https://doi.org/10.1534/
genetics.115.186270.

. Pittman KJ, Aliota MT, Knoll LJ. 2014. Dual transcriptional profiling of

mice and Toxoplasma gondii during acute and chronic infection. BMC
Genomics 15:806. https://doi.org/10.1186/1471-2164-15-806.

. Buchholz KR, Fritz HM, Chen X, Durbin-Johnson B, Rocke DM, Ferguson

DJ, Conrad PA, Boothroyd JC. 2011. Identification of tissue cyst wall
components by transcriptome analysis of in vivo and in vitro Toxo-
plasma gondii bradyzoites. Eukaryot Cell 10:1637-1647. https://doi.org/
10.1128/EC.05182-11.

. Suzuki Y, Joh K, Kwon OC, Yang Q, Conley FK, Remington JS. 1994. MHC

class | gene(s) in the D/L region but not the TNF-alpha gene determines
development of toxoplasmic encephalitis in mice. J Immunol 153:
4649 -4654.

. Blanchard N, Dunay IR, Schluter D. 2015. Persistence of Toxoplasma

gondii in the central nervous system: a fine-tuned balance between the
parasite, the brain and the immune system. Parasite Immunol 37:
150-158. https://doi.org/10.1111/pim.12173.

. Suzuki Y, Joh K, Orellana MA, Conley FK, Remington JS. 1991. A gene(s)

within the H-2D region determines the development of toxoplasmic
encephalitis in mice. Immunology 74:732-739.

. Andenmatten N, Egarter S, Jackson AJ, Jullien N, Herman JP, Meissner M.

2013. Conditional genome engineering in Toxoplasma gondii uncovers
alternative invasion mechanisms. Nat Methods 10:125-127. https://doi
.0rg/10.1038/nmeth.2301.

msphere.asm.org 11


https://doi.org/10.1128/mSphere.00471-18
https://doi.org/10.1128/mSphere.00471-18
https://doi.org/10.1017/S0031182097008949
https://doi.org/10.1016/j.exppara.2011.10.004
https://doi.org/10.1016/j.exppara.2011.10.004
https://doi.org/10.1128/mBio.01155-15
https://doi.org/10.1098/rstb.1997.0119
https://doi.org/10.1128/IAI.69.1.501-507.2001
https://doi.org/10.1371/journal.ppat.1003823
https://doi.org/10.1128/EC.00343-12
https://doi.org/10.1128/mBio.00193-16
https://doi.org/10.1111/cmi.12651
https://doi.org/10.1371/journal.pbio.1001845
https://doi.org/10.1534/genetics.115.186270
https://doi.org/10.1534/genetics.115.186270
https://doi.org/10.1186/1471-2164-15-806
https://doi.org/10.1128/EC.05182-11
https://doi.org/10.1128/EC.05182-11
https://doi.org/10.1111/pim.12173
https://doi.org/10.1038/nmeth.2301
https://doi.org/10.1038/nmeth.2301
msphere.asm.org

English and Boyle

20.

21.

22.

23.

24,

25.

26.

27.

28.

September/October 2018 Volume 3

Herm-Gotz A, Agop-Nersesian C, Munter S, Grimley JS, Wandless TJ,
Frischknecht F, Meissner M. 2007. Rapid control of protein level in the
apicomplexan Toxoplasma gondii. Nat Methods 4:1003-1005. https://
doi.org/10.1038/nmeth1134.

Suzuki Y, Joh K. 1994, Effect of the strain of Toxoplasma gondii on the
development of toxoplasmic encephalitis in mice treated with antibody
to interferon-gamma. Parasitol Res 80:125-130. https://doi.org/10.1007/
BF00933779.

Liu MT, Armstrong D, Hamilton TA, Lane TE. 2001. Expression of Mig
(monokine induced by interferon-gamma) is important in T lymphocyte
recruitment and host defense following viral infection of the central
nervous system. J Immunol 166:1790-1795. https://doi.org/10.4049/
jimmunol.166.3.1790.

Bystry RS, Aluvihare V, Welch KA, Kallikourdis M, Betz AG. 2001. B cells
and professional APCs recruit regulatory T cells via CCL4. Nat Immunol
2:1126-1132. https://doi.org/10.1038/ni735.

Wolpe SD, Sherry B, Juers D, Davatelis G, Yurt RW, Cerami A. 1989.
Identification and characterization of macrophage inflammatory protein
2. Proc Natl Acad Sci U S A 86:612-616. https://doi.org/10.1073/pnas.86
.2.612.

Uyttenhove C, Simpson RJ, Van Snick J. 1988. Functional and structural
characterization of P40, a mouse glycoprotein with T-cell growth factor
activity. Proc Natl Acad Sci U S A 85:6934-6938. https://doi.org/10.1073/
pnas.85.18.6934.

Demoulin JB, Van Roost E, Stevens M, Groner B, Renauld JC. 1999.
Distinct roles for STAT1, STAT3, and STAT5 in differentiation gene in-
duction and apoptosis inhibition by interleukin-9. J Biol Chem 274:
25855-25861. https://doi.org/10.1074/jbc.274.36.25855.

Carr MW, Roth SJ, Luther E, Rose SS, Springer TA. 1994. Monocyte
chemoattractant protein 1 acts as a T-lymphocyte chemoattractant. Proc
Natl Acad Sci U S A 91:3652-3656. https://doi.org/10.1073/pnas.91.9
.3652.

Xu LL, Warren MK, Rose WL, Gong W, Wang JM. 1996. Human recombi-
nant monocyte chemotactic protein and other C-C chemokines bind and
induce directional migration of dendritic cells in vitro. J Leukoc Biol
60:365-371. https://doi.org/10.1002/j1b.60.3.365.

Issue 5 e00471-18

29.

30.

31.

32.

33.

34.

35.

36.

37.

mSphere’

Villeda SA, Luo J, Mosher Kl, Zou B, Britschgi M, Bieri G, Stan TM,
Fainberg N, Ding Z, Eggel A, Lucin KM, Czirr E, Park JS, Couillard-Despres
S, Aigner L, Li G, Peskind ER, Kaye JA, Quinn JF, Galasko DR, Xie XS, Rando
TA, Wyss-Coray T. 2011. The ageing systemic milieu negatively regulates
neurogenesis and cognitive function. Nature 477:90-94. https://doi.org/
10.1038/nature10357.

West AP, Shadel GS, Ghosh S. 2011. Mitochondria in innate immune
responses. Nat Rev Immunol 11:389-402. https://doi.org/10.1038/
nri2975.

Pernas L, Boothroyd JC. 2010. Association of host mitochondria with the
parasitophorous vacuole during Toxoplasma infection is not dependent
on rhoptry proteins ROP2/8. Int J Parasitol 40:1367-1371. https://doi
.org/10.1016/j.ijpara.2010.07.002.

Gaddi PJ, Yap GS. 2007. Cytokine regulation of immunopathology in
toxoplasmosis. Immunol Cell Biol 85:155-159. https://doi.org/10.1038/sj
.icb.7100038.

Pott S, Koethe M, Bangoura B, Zoller B, Daugschies A, Straubinger RK,
Fehlhaber K, Ludewig M. 2013. Effects of pH, sodium chloride, and
curing salt on the infectivity of Toxoplasma gondii tissue cysts. J Food
Prot 76:1056-1061. https://doi.org/10.4315/0362-028X.JFP-12-519.
Dubey JP. 1998. Re-examination of resistance of Toxoplasma gondii
tachyzoites and bradyzoites to pepsin and trypsin digestion. Parasitol-
ogy 116:43-50. https://doi.org/10.1017/50031182097001935.

Rosowski EE, Lu D, Julien L, Rodda L, Gaiser RA, Jensen KD, Saeij JP. 2011.
Strain-specific activation of the NF-kappaB pathway by GRA15, a novel
Toxoplasma gondii dense granule protein. J Exp Med 208:195-212.
https://doi.org/10.1084/jem.20100717.

Saeij JP, Coller S, Boyle JP, Jerome ME, White MW, Boothroyd JC.
2007. Toxoplasma co-opts host gene expression by injection of a
polymorphic kinase homologue. Nature 445:324-327. https://doi.org/10
.1038/nature05395.

Saeij JP, Boyle JP, Grigg ME, Arrizabalaga G, Boothroyd JC. 2005. Biolu-
minescence imaging of Toxoplasma gondii infection in living mice
reveals dramatic differences between strains. Infect Immun 73:695-702.
https://doi.org/10.1128/1A1.73.2.695-702.2005.

msphere.asm.org 12


https://doi.org/10.1038/nmeth1134
https://doi.org/10.1038/nmeth1134
https://doi.org/10.1007/BF00933779
https://doi.org/10.1007/BF00933779
https://doi.org/10.4049/jimmunol.166.3.1790
https://doi.org/10.4049/jimmunol.166.3.1790
https://doi.org/10.1038/ni735
https://doi.org/10.1073/pnas.86.2.612
https://doi.org/10.1073/pnas.86.2.612
https://doi.org/10.1073/pnas.85.18.6934
https://doi.org/10.1073/pnas.85.18.6934
https://doi.org/10.1074/jbc.274.36.25855
https://doi.org/10.1073/pnas.91.9.3652
https://doi.org/10.1073/pnas.91.9.3652
https://doi.org/10.1002/jlb.60.3.365
https://doi.org/10.1038/nature10357
https://doi.org/10.1038/nature10357
https://doi.org/10.1038/nri2975
https://doi.org/10.1038/nri2975
https://doi.org/10.1016/j.ijpara.2010.07.002
https://doi.org/10.1016/j.ijpara.2010.07.002
https://doi.org/10.1038/sj.icb.7100038
https://doi.org/10.1038/sj.icb.7100038
https://doi.org/10.4315/0362-028X.JFP-12-519
https://doi.org/10.1017/S0031182097001935
https://doi.org/10.1084/jem.20100717
https://doi.org/10.1038/nature05395
https://doi.org/10.1038/nature05395
https://doi.org/10.1128/IAI.73.2.695-702.2005
msphere.asm.org

	RESULTS
	Exogenous MAF1b expression in type II parasites increases cyst burden of chronically infected CBA/J mice 4 and 8 weeks postinfection. 
	Serum cytokine levels differ between mice infected with wild-type type II parasites and type II parasites expressing MAF1b throughout infection. 

	DISCUSSION
	MATERIALS AND METHODS
	Parasite strains and maintenance. 
	Generation of constructs and transgenic parasites. 
	Animal experiments. 
	Mouse infection and bioluminescence imaging. 
	Serum collection. 
	Analysis of cytokine expression. 
	Cyst purification, staining, and quantification. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

