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Abstract
The majority of strains of Toxoplasma gondii belong to three distinct clonal lines known as types
I, II, and III. The outcome of the immune response to infection is influenced by the parasite strain
type. The goal of this study was to examine differences in the kinetics of gene expression in
microglial cells infected with types I, II, or III of T. gondii. In addition, a requirement for the
integrity of host Toll-like receptor (TLR) signaling in parasite-mediated changes in gene
expression was evaluated. Wild type murine microglial cells infected with T. gondii displayed
different kinetic patterns of pro-inflammatory cytokine expression that were dependent on the
parasite strain type. In general, types II and III elicited higher sustained responses compared to
type I which induced fluctuating patterns of cytokine gene expression. Contrary to this, differences
in the induction of anti-apoptotic gene expression were minimal among the different type strains
throughout infection. Experiments with cells lacking the TLR adaptor molecules MAL and Myd88
showed a dependency on these factors for the pro-inflammatory response but not the anti-
apoptotic response. The results show that the outcome of gene expression in T. gondii-infected
microglial cells is dependent on the parasite strain type in a time-dependent manner and is
selective to particular subsets of genes. The induction of an anti-apoptotic response by T. gondii
infection in the absence of TLR signaling reflects a complex level of modulation of host functions
by the parasite.
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1. Introduction
Toxoplasma gondii is an obligate intracellular protozoan parasite capable of establishing a
life-long chronic infection in the host. The outcome of infection is greatly influenced by the
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parasite strain type: type I strains are highly virulent in mice (LD100 = 1) while types II and
III are less virulent (LD100 > 1000) and as such are able to establish chronic infections in
vivo (Sibley et al., 1992; Saeij et al., 2005; Sibley et al., 2009). Recent studies have revealed
that the molecular basis of Toxoplasma virulence is highly dependent on the activity of
parasite proteins localized to specialized secretory organelles termed rhoptries (Saeij et al.,
2006, 2007; Taylor et al., 2006; Ong et al., 2010).

Virulence properties of different T. gondii strains are also influenced by differences in the
activation of innate immune responses during infection (Robben et al., 2004; Kim et al.,
2006; Lee et al., 2007; Steinfeldt et al., 2010). Similar to other pathogens, immune
recognition of T. gondii by the host is mediated by the TLR family (Mun et al., 2003;
Debierre-Grockiego et al., 2007; Plattner et al., 2008; Yarovinsky 2008). Signaling through
the TLR pathway ultimately leads to gene activation by the NF-κB family of transcription
factors (Vallabhapurapu, 2009). Previous studies have shown that the divergent virulence
phenotypes observed in T. gondii infection may be explained by strain-dependent
differences in TLR signaling (Kim et al., 2006; Lee et al., 2007) and extent of NF-κB
activation (Robben et al., 2004; Rosowski et al., 2011). In this respect, induction of IL-12
and chemokines in macrophages by the type I RH strain was shown to be independent of the
TLR adaptor molecule Myd88 as compared to types II and III (Kim et al., 2006; Lee et al.,
2007). A recent study by Rosowski et al. showed that type II strains induce higher levels of
NF-κB translocation and NF-κB-dependent gene expression compared to types I and III, a
property dependent on the parasite dense granule protein GRA15 but independent of Myd88
(Rosowski et al., 2011).

Following the acute phase of T. gondii infection, the parasite forms cysts in response to
immune pressure preferentially in the brain and establishes a chronic infection (Carruthers
and Suzuki, 2007). Parasite genotype, host genetic background, and ability to modulate
signaling components that regulate the immune response influence the effects of infection in
the brain (Carruthers and Suzuki, 2007). Microglia are resident macrophages of the brain
and spinal cord, consequently functioning as the initial responders of immune defense in the
central nervous system. There are limited reports on the interactions of T. gondii with
microglial cells in vitro (Chao et al., 1993a,b, 1993), particularly in cells derived from
knockout mice which are not always widely available.

To gain a better understanding of the interplay between parasite genotype and host signaling
components in the response of microglia to infection, the present study examined gene
expression profiles induced by different strains of T. gondii in microglial cells on a temporal
fashion. Special emphasis was placed on the requirement for the integrity of host TLR
signaling in the regulation of expression of pro-inflammatory cytokine and anti-apoptotic
genes. Experiments were focused primarily on the following NF-κB target genes: (i) the
chemokines IP-10 and RANTES which have been examined as model genes to study
temporal responses of NF-κB activation (Hoffmann et al., 2002); (ii) interleukin-12, a
critical regulator of the immune response to T. gondii infection (Sher et al., 2003); and (iii)
Bfl-1, an anti-apoptotic factor previously shown to be induced by T. gondii in an NF-κB-
dependent manner (Molestina et al., 2003).

2. Methods
2.1. Cell lines

Murine microglial cells were derived from brain tissue of wild type (WT) or MAL/MyD88
double knockout (MAL−/−Myd88−/−) C57BL/6J mice. Cells were immortalized by infection
with the ecotropic transforming replication-deficient retrovirus J2 using established
procedures (Blasi et al., 1985, 1990). Cultures were maintained at 37°C with 5% CO2 in
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Dulbecco’s Modified Eagle Medium (Invitrogen™, Carlsbad, CA) supplemented with 10%
fetal bovine serum (Lonza, Allendale, NJ), 100 U/ml penicillin (ATCC®, Manassas, VA),
100 µg/ml streptomycin (ATCC®), 2 mM L-glutamine, and 1 mM sodium pyruvate
(Invitrogen™). Murine microglial cell lines are available at the Biodefense and Emerging
Infections Research Resources Repository (BEI Resources; www.beiresources.org) under
catalog numbers NR-9460 (WT) and NR-9904 (MAL−/−Myd88−/−).

2.2. Parasite strains
T. gondii GT1-FUDR3.3 (type I strain; BEI # NR-10272), ME49 B7 (type II strain; BEI #
NR-10150), and CTG ARA-SYN (type III strain; BEI # NR-10151) were propagated in
human foreskin fibroblasts (ATCC® CRL-1634™). Cultures were maintained at 37°C with
5% CO2 in Minimum Essential Medium Alpha (Invitrogen™) supplemented with 10% fetal
bovine serum (ATCC®).

2.3. RT-PCR
Microglial cells were seeded in six-well plates at 2 × 106 cells per well and allowed to
adhere overnight. Selected wells contained cells grown on sterile 12 mm coverslips for
immunofluorescence assays as described in section 2.5. Microglial cells were infected with
T. gondii at a multiplicity of infection (m.o.i.) of 5:1 for 2, 4, 8, 12, and 24 h. Total RNA
was isolated with the RNeasy® kit (QIAGEN, Valencia, CA). cDNA was prepared from 1
µg of RNA using the ImProm-II™ RT System (Promega, Madison, WI). A 0.5 µl sample of
cDNA was used as template for PCR using primers purchased from Integrated DNA
Technologies (IDT®, Coralville, IA). Primers against mouse β-actin were purchased from
R&D Systems® (Minneapolis, MN). A list of the target genes, primer sequences, and
expected sizes of the PCR amplicons is shown in Table S1. PCR reactions were performed
with the Platinum® PCR SuperMix High Fidelity kit (Invitrogen™) using the following
conditions: 95°C for 5 min followed by 30 cycles of 95°C for 30 sec, 58°C for 30 sec, and
72°C for 30 sec. PCR products were resolved by agarose gel electrophoresis in the presence
of SYBR® Safe DNA gel stain (Invitrogen™) and visualized with a Bio-Rad Gel Doc™ XR
System (Bio-Rad, Hercules, CA).

2.4. Analysis of host gene expression
To determine differences in host gene expression after infection, densitometric analyses of
DNA bands obtained in the RT-PCR experiments were performed using the ImageJ software
(http://rsbweb.nih.gov/ij/). Integrated densitometric values (IDV) were normalized to β-actin
and the numerical data were subjected to analysis of variance followed by the Tukey’s
multiple-comparison test using the GraphPad Prism software. A P value of <0.05 was used
to determine statistical significance. Data were collected from three independent
experiments.

2.5. Analysis of parasite infection
The progression of T. gondii infection in microglial cells was examined by monitoring the
expression of the parasite SAG1 gene by RT-PCR. SAG1 primers are indicated in Table S1
and conditions for RT-PCR were followed as indicated in section 2.3 above. Parasite growth
was also examined by immunofluorescence assay. Coverslips from wells infected for 24 h
were removed prior to RNA isolation and washed in 1X PBS. Cells were fixed in 3%
paraformaldehyde and permeabilized in 0.1% Triton X-100 in PBS. Immunofluorescence
labeling was performed with a mouse monoclonal antibody against the T. gondii SAG1
protein (Argene, Shirley, NY) diluted 1:1000 in 3% bovine serum albumin/PBS. Secondary
labeling was performed with an Alexa Fluor® 594-conjugated goat anti-mouse IgG
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(Invitrogen™) diluted at 1:2000. Samples were examined using an Axioskop® fluorescence
microscope (Zeiss, Oberkochen, Germany) at 100× magnification.

3. Results and discussion
T. gondii-infected WT microglial cells displayed divergent kinetic patterns of gene
expression that were influenced by the parasite genotype, most notably among the pro-
inflammatory cytokines IP-10, RANTES, and IL-12b (Figure 1A–C). The expression of
IP-10 in type I (GT1-FUDR3.3)-infected cells was increased at 2 h post-infection (p.i.) (Fig.
1A). This response was significantly higher than infection with the type II (ME49 B7) or
type III (CTG ARA-SYN) strains (P < 0.05) which resulted in a delay in IP-10 induction (4
h, Fig. 1A). Of note, levels of IP-10 expression fluctuated during the 24 h course of infection
in type I-infected cells. In contrast, increases in IP-10 expression were higher and more
sustained in response to types II and type III compared to type I between 8 and 24 h of
infection (Fig. 1A; P < 0.05 when comparing type I versus type II responses).

Contrary to IP-10, the kinetics of RANTES expression showed only slight increases during
the first 8 h of infection regardless of the strain examined (Fig. 1B). Robust expression of
RANTES was not apparent until 12 h p.i. with type II and 24 h with type I and type III
strains (Fig. 1B). A fluctuating pattern of RANTES expression was also observed in type I-
infected WT cells, although not as marked as with IP-10.

Changes in IL-12b expression in response to T. gondii were negligible above baseline
between 2 and 8 h of infection with the exception of the type I strain which induced an
increase at 2 h p.i. (Fig. 1C). At 12 h, however, a sharp increase in IL-12b expression was
observed in type II-infected WT cells only (P < 0.01 as compared to type I or type III). In
contrast, induction of IL-12b was delayed to 24 h with type I and III strains (Fig. 1C). In
general, as observed with IP-10 (Fig. 1A), type II and type III strains elicited higher IL-12b
responses compared to the type I strain (P < 0.05).

As opposed to the pro-inflammatory cytokines, differences between the stimulatory
activities of the three Toxoplasma strains were less pronounced with the anti-apoptotic
factor Bfl-1 (Fig. 1D). Small increases with type II and III strains were apparent at 8 h of
infection with both strains eliciting similar sustained responses up to 24 h. Contrary to this,
the induction of Bfl-1 in response to infection with the type I strain was delayed to 24 h (Fig.
1D).

Experiments with microglial cells lacking the TLR adaptor molecules MAL and Myd88
showed profound effects in gene expression induced by T. gondii infection; however, the
extent of the host response was dependent on the parasite strain type and selective to
particular genes (Fig. 2). Type strains I and III were highly dependent on MAL and Myd88
compared to strain II to stimulate the expression of IP-10 (Fig. 2A), RANTES (Fig. 2B), and
IL-12b (Fig. 2C). The type II strain on the other hand maintained the ability to induce
expression of these genes in MAL−/−Myd88−/− cells albeit not at the same extent as in WT
cells for IP-10 and IL-12b. As opposed to the pro-inflammatory cytokines, the expression of
the anti-apoptotic factor Bfl-1 was unaffected by the absence of MAL/Myd88 in response to
infection with type strains I, II, or III (Fig. 2D).

Of note, both WT and MAL/Myd88 knockout microglial cells were equally capable of
supporting infection of all three strains of T. gondii as determined by the kinetics of
expression the parasite protein SAG1 (Fig. S1) and immunofluorescence assays performed
at 24 h p.i. (Data not shown). Thus, the observed divergent gene expression profiles in the
host cells could not be explained by striking differences between the growth patterns of the
three strains. Overall, an m.o.i. of 5:1 resulted in the detection of parasitophorous vacuoles
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(PV) in 40 to 50% of cells examined by immunofluorescence, regardless of the cell line or
parasite strain. Greater than 90% of infected WT or MAL/Myd88 knockout cells displayed
single PV. The average percentages of PV harboring ≤ 2 tachyzoites for both cell lines were
60% for type I, 75% for type II, and 40% for the type III strain. The average percentages of
PV harboring ≥ 4 tachyzoites per PV for both cell lines were 40% for type I, 25% for type
II, and 60% for the type III strain.

Results from this study demonstrate that the outcome of gene expression in T. gondii-
infected microglial cells is determined by the parasite strain type in a time-dependent
manner and is geared towards particular subsets of genes. Strain-dependent differences in
gene expression of WT microglia were more prominent among pro-inflammatory genes as
compared to the anti-apoptotic factor Bfl-1. In addition, the regulation of certain pro-
inflammatory genes (IP-10 and RANTES) displayed fluctuating patterns of expression over
time; especially in response to a type I strain (Fig. 1A–B). Such oscillating patterns of
inflammatory gene activation during the course of T. gondii infection have been reported
previously and correlate with waves of activation and de-activation of NF-κB in the host cell
(Molestina et al., 2005). Contrary to the type II strain, the induction of pro-inflammatory
responses by types I and III were highly dependent on MAL/Myd88. The ability of the type
II strain to retain partial activation of these genes in the absence of Myd88 signaling in
microglial cells is likely attributed to the polymorphic parasite protein GRA15: Rosowski et
al. reported that GRA15 from type II strains is a key factor promoting higher levels of NF-
κB activation and resulting gene expression compared to types I and III, a phenotype which
was found to be independent of host Myd88 (Rosowski et al., 2011).

As opposed to the inflammatory response, the induction of Bfl-1 in microglial cells by T.
gondii infection was not dependent on MAL/Myd88. It remains to be determined whether
these results reflect a role for a MAL/Myd88-independent mechanism in the establishment
of an anti-apoptotic phenotype in T. gondii-infected cells. In contrast to Myd88, there are no
reports describing a role of MAL in the host immune response to T. gondii to our
knowledge. MAL functions as a bridging adaptor for Myd88 in the context of TLR2 and
TLR4 stimulation (Yamamoto et al., 2002) and as such may participate in activation of these
TLRs by T. gondii infection (Mun et al., 2003; Debierre-Grockiego et al., 2007; Yarovinsky,
2008). Similar to our findings using MAL−/−Myd88−/− microglial cells, previous studies
using single knockout (Myd88−/−) murine macrophages showed a contribution for Myd88 in
the activation of IL-12 and various chemokines by types II and III strains (Kim et al., 2006;
Lee et al., 2007). However, macrophage responses to the highly virulent type I RH strain
were found to be independent of Myd88 (Kim et al., 2006; Lee et al., 2007) which is in
contrast to our observations using the type I GT1-FUDR3.3 strain (Fig. 2). In addition to the
different parasite strains examined, the discrepancies between these reports and the present
study may arise from a hitherto unrecognized role of MAL in the activation of gene
expression by type I strains in cells lacking Myd88. Future experiments comparing single
knockout MAL and Myd88 macrophages and microglial cells may help define the individual
roles of these TLR adaptor molecules in the immune response to T. gondii infection.

Manipulation of host functions by Toxoplasma gondii is a multifactorial process affected by
both host and parasite factors (Sinai et al., 2004; Laliberte et al., 2008; Leng et al., 2009).
Knowledge of the parasite-derived molecular mechanisms that dictate Toxoplasma virulence
has increased in recent years (Saeij et al., 2006; Taylor et al., 2006; Bradley et al., 2007;
Ong et al., 2010). However, it is evident that more needs to be done to examine the roles of
parasite factors in the temporal regulation of host gene expression using cells associated
with the natural course of infection. Microglial cell lines with defined genetic defects in
TLR signaling represent useful tools to discern the mechanisms of pathogenesis in
Toxoplasma and other intracellular parasites that cause infections of the brain.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure. 1.
Effects of parasite strain type on the kinetics of pro-inflammatory cytokine and anti-
apoptotic gene expression in WT microglial cells infected with T. gondii. Cells were
infected with type I (GT1-FUDR3.3), type II (ME49 B7), or type III (CTG ARA-SYN)
strains of T. gondii for 2, 4, 8, 12, and 24 h. RT-PCR amplification and analysis of gene
expression of IP-10 (A), RANTES (B), IL-12b (C), Bfl-1 (D), and β-actin (E) were
performed as described in section 2.3. Graphs represent levels of gene expression following
normalization of the densitometric values of DNA bands to β-actin. Data points represent
the means ± standard errors of the mean of three experiments. *, P < 0.05; **, P < 0.01
compared to uninfected cells (0 h time point).
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Figure 2.
Effects of parasite strain type on the kinetics of cytokine and anti-apoptotic gene expression
in MAL−/−Myd88−/− microglial cells infected with T. gondii. Cells were infected with type
I (GT1-FUDR3.3), type II (ME49 B7), or type III (CTG ARA-SYN) strains of T. gondii for
2, 4, 8, 12, and 24 h. RT-PCR amplification and analysis of gene expression of IP-10 (A),
RANTES (B), IL-12b (C), Bfl-1 (D), and β-actin (E) were performed as described in section
2.3. Graphs represent levels of gene expression following normalization of the densitometric
values of DNA bands to β-actin. Data points represent the means ± standard errors of the
mean of three experiments. *, P < 0.05; **, P < 0.01 compared to uninfected cells (0 h time
point).
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