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ABSTRACT Rats vary in their susceptibilities to Toxoplasma gondii infection depend-
ing on the rat strain. Compared to the T. gondii-susceptible Brown Norway (BN) rat,
the Lewis (LEW) rat is extremely resistant to T. gondii. Thus, these two rat strains are
ideal models for elucidating host mechanisms that are important for host resistance
to T. gondii infection. Therefore, in our efforts to unravel molecular factors directing
the protective early innate immune response in the LEW rat, we performed RNA se-
quencing analysis of the LEW versus BN rat with or without T. gondii infection. We
identified three candidate small GTPase immunity-associated proteins (GIMAPs) that
were upregulated (false discovery rate, 0.05) in the LEW rat in response to T. gondii
infection. Subsequently, we engineered T. gondii-susceptible NR8383 rat macrophage
cells for overexpression of LEW rat-derived candidate GIMAP 4, 5, and 6. By immuno-
fluorescence analysis we observed that GIMAP 4, 5, and 6 in T. gondii-infected
NR8383 cells each colocalized with GRA5, a parasite parasitophorous vacuole mem-
brane (PVM) marker protein, suggesting their translocation to the PVM. Interestingly,
overexpression of each candidate GIMAP in T. gondii-infected NR8383 cells induced
translocation of LAMP1, a lysosome marker protein, to the T. gondii surface mem-
brane. Importantly, overexpression of GIMAP 4, 5, or 6 individually inhibited intracel-
lular T. gondii growth, with GIMAP 4 having the highest inhibitory effect. Together,
our findings indicate that upregulation of GIMAP 4, 5, and 6 contributes to the ro-
bust refractoriness of the LEW rat to T. gondii through induction of lysosomal fusion
to the otherwise nonfusogenic PVM.
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Toxoplasma gondii is a zoonotic apicomplexan protozoan estimated to have infected
about a third of the world human population (1). The hallmark of T. gondii is its

ability to induce long-term chronic infections through its interactions with the host,
leading to conversion of the prolific tachyzoite stage to the quiescent bradyzoite
parasite stage (2). Bradyzoites of T. gondii are not usually harmful in immunocompetent
individuals, but in immunodeficient hosts they reconvert into cytolytic tachyzoites,
resulting in reactivation of toxoplasmosis (3). Currently, there is no drug to eliminate
bradyzoites in infected individuals, and the use of drugs against tachyzoites is limited
by hypersensitivity and toxicity in humans. To date, no vaccine against T. gondii has
been developed for humans.

Rats, like immunocompetent humans, develop a subclinical chronic infection but
vary in their susceptibilities to T. gondii infection depending on the rat strain (4).
Compared to the T. gondii-susceptible Brown Norway (BN) rat, the Lewis (LEW) rat is
extremely resistant to T. gondii infection and has been demonstrated to inhibit prolif-
eration of T. gondii within the parasitophorous vacuoles of infected peritoneal macro-
phages (5) and to rapidly kill both parasites and infected cells (5). Thus, because of the
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disparity in their responses to T. gondii infection, LEW and BN rats would serve as ideal
models for dissecting the host molecular mechanisms that are important for host
resistance to T. gondii infection, with the goal of identifying intervention strategies
against the infection.

During T. gondii infection, gamma interferon (IFN-�)-stimulated GTPases, namely,
guanylate-binding proteins (GBPs) and immunity-related GTPases (IRGs), have been
shown to limit the infection in humans (6) and mice (7), respectively. IRGs in mice
control T. gondii intracellular proliferation by binding to the parasitophorous vacuolar
membrane (PVM) to disrupt its integrity, leading to the release of the parasites into the
host cell cytosol, where they are destroyed (8). GBPs also act by binding to the PVM in
T. gondii-infected human cells (9).

Members of a relatively recently reported family of small GTPases, called GTPase
immunity-associated proteins (GIMAPs), are conserved and expressed prominently in
mammalian (including human) immune cells (10, 11). However, their functions and
molecular mechanisms in mammalian host innate immunity against intracellular patho-
gens are yet to be deciphered. Herein, we provide evidence that T. gondii infection in
the LEW rat upregulates expression of GIMAPs that mediate restriction of growth of
intracellular parasites through induction of lysosomal fusion to the parasite without
IFN-� activation.

RESULTS
T. gondii infection upregulates expression of the GIMAP 4, 5, and 6 genes in

LEW rat. Analysis of the extracted rat RNA samples prior to library generation showed that
they were all of high quality for RNA sequencing, with RNA integrity numbers (RIN) of 9.5/10
or above. Due to the nonavailability of a complete LEW rat reference genome, the
generated RNA sequences were aligned to the sequence of a mixed-strain genome
assembly for female BN/SsNHsdMCW and male SHR rats as the reference genome. Impor-
tantly, alignment of the LEW rat sequences to this reference genome depicted very
negligible differences between the LEW and BN rat sequences, and as such, strain differ-
ences in sequence were ignored overall. By analysis of variance (ANOVA), using a false
discovery rate (FDR) of 0.05, the gene expression patterns related to the four experimental
groups (T. gondii-infected and uninfected LEW and BN rat groups; n � 4 per group) were
generated, with the number of reads that aligned uniquely within 32,662 rat genes and
8,637 T. gondii genes ranging from 13.1 million to 18.3 million per sample. Among these
genes, those for GIMAP 4, GIMAP 5, and GIMAP 6 were found to be expressed at
significantly higher levels in the T. gondii-infected LEW rats than in the T. gondii-infected BN
rats (Table 1). By a four-way comparison analysis (infected LEW rats versus infected BN rats,
infected LEW rats versus uninfected LEW rats, infected BN rats versus uninfected BN rats,
uninfected LEW rats versus uninfected BN rats), it was evident that T. gondii augmented
expression of the GIMAP genes only in the LEW rats (Table 1). Consistently, by real-time PCR
analysis of the expression of the GIMAP genes in primary peritoneal cells isolated from the
T. gondii-infected LEW and BN rats, GIMAP 4, GIMAP 5, and GIMAP 6 were found to be
expressed at 2.6-fold, 7.5-fold, and 3.6-fold higher levels in the infected LEW rats than in the
infected BN rats (see Fig. S1 in the supplemental material). On the other hand, there was no
significant (P � 0.05) difference in the expression levels of all the GIMAP genes between the

TABLE 1 Differentially expressed GIMAP genes in LEW versus BN rats in response to T.
gondii infectiona

Ensembl gene no. Gene name

Fold change in expression (FDR)

BNToxo/
BNPBS LEWToxo/LEWPBS LEWToxo/BNToxo

LEWPBS/
BNPBS

ENSRNOG00000008369 GIMAP 4 ND 4.603 (0.0001) 2.625 (0.05) ND
ENSRNOG00000008416 GIMAP 5 ND 3.362 (0.01) 2.500 (0.05) ND
ENSRNOG00000033338 GIMAP 6 ND 2.392 (0.01) 2.496 (0.05) ND
aND, not significantly different (P � 0.05); FDR, false discovery rate; BNToxo and LEWToxo, T. gondii-inoculated
BN and LEW rats, respectively; BNPBS and LEWPBS, PBS-inoculated BN and LEW rats, respectively.
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uninfected LEW rats and the uninfected BN rats (Fig. S1). Interestingly, real-time PCR
analysis of the expression of the GIMAP genes in nonhematopoietic cells (intestinal epi-
thelial cells) did not show any significant differences among the different treatment groups
of LEW and BN rats (Fig. S2). This suggested that GIMAP upregulation is restricted to cells
of hematopoietic origin.

Sequence analysis showed that GIMAP 4 coded for a protein with 328 amino acid
residues that was 100% identical to the rat GIMAP 4 with GenBank accession number
AM285343 reported previously (12). GIMAP 5 coded for two protein variants, herein
called GIMAP 5_201 and GIMAP 5_203, with 326 and 308 amino acid residues, respec-
tively. GIMAP 5_201 and GIMAP 5_203 were 100% identical to their respective variant
rat proteins (GenBank accession numbers NP_001029085.1 and NP_663713.1, respec-
tively) reported previously (13). The two GIMAP 5 variants were identical, except in the
N terminus, where GIMAP 5_201 had an additional 18 amino acid residues, with notable
differences in amino acid residues being depicted in the sequence alignment in Fig. 1.
GIMAP 6 coded for a 304-amino-acid-long protein that was 100% identical to the rat
GIMAP 6 with GenBank accession number ABB03711.1 previously reported. Sequence
alignment showed that all the GIMAPs had a conserved AIG1-type G domain containing
a typical Walker A motif (G1), a Walker B motif (G3), as well as G2, G4, and G5 motifs (Fig.
1), characteristic of small GTPases (14).

Overexpression of LEW rat GIMAPs in NR8383 cells restricts parasite growth. To
determine the role of GIMAP 4, 5, and 6, we engineered a macrophage cell line, NR8383
(derived from a T. gondii-susceptible Sprague-Dawley rat strain), for inducible overex-
pression of GIMAP 4, 5, or 6 individually, as well as the empty expression vector. By
Western blotting, we analyzed selected clones of the transgenic NR8383 cells and
identified those that were doxycycline inducible for overexpression of the GIMAP
transgenes (Fig. 2A to D). By densitometric analysis of the protein bands from the
Western blots, GIMAP 4, GIMAP 5, and GIMAP 6 were expressed at levels about 10-fold,
5-fold, and 8-fold higher, respectively, in the induced NR8383 cells than in the unin-
duced NR8383 cells. Consistently, Western blotting showed that the primary peritoneal
cells of T. gondii-infected LEW rats had higher expression levels of endogenous GIMAP
4, 5, and 6 proteins than those of T. gondii-infected BN rats (Fig. 2E). Densitometric
analysis of the protein bands indicated that GIMAP 4, GIMAP 5, and GIMAP 6 were
expressed at levels about 5-fold, 8-fold, and 10-fold higher, respectively, in the primary
peritoneal cells of T. gondii-infected LEW rats than in those of the infected BN rats.

Using selected NR8383 cell clones expressing the GIMAPs, we infected the cells with
tachyzoites of the T. gondii type I RH strain, and at different time points of culture, we
quantified the growth of the parasites in the cultures by real-time PCR, targeting the

FIG 1 Alignment of the amino acid sequences encoded by the GIMAP genes cloned from LEW rat cDNA for inducible overexpression in NR8383 cells. The amino
acid sequences of GIMAP 4, GIMAP 5_201, GIMAP 5_203, and GIMAP 6 were aligned using the Clustal O (v1.2.4) program. The AIG1-type G domain common
to all GIMAPs is highlighted in gray. The motifs G1, G2, G3, G4, and G5 are boxed. Asterisks indicate positions with a single, fully conserved residue.
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amplification of the T. gondii 529 gene. We found that while the parasites proliferated
progressively with time in NR8383 cells with the empty expression vector, there were
significant (P � 0.05) reductions in the growth of the parasites in cells overexpressing
GIMAP 4, 5, or 6 individually (Fig. 3). In comparison to overexpression of the other
GIMAPs, overexpression of GIMAP 6 had the most significant inhibitory effect on
parasite growth at 24 h (Fig. 3A), while at later time points of 48 h and 72 h,
overexpression of GIMAP 4 had the most profound inhibitory effect on T. gondii growth
(Fig. 3B and C). Further, overexpression of each of the GIMAP 5 variants exhibited an

FIG 2 Western blotting of GIMAPs in rat peritoneal primary cells and in transgenic NR8383 macrophage cell lines. Cloned NR8383 cells engineered for
doxycycline-inducible overexpression of LEW rat-derived GIMAP 4 (A), GIMAP 5_203 (B), GIMAP 5_201 (C), and GIMAP 6 (D), along with cells expressing the
pLVX-TetOne-Puro empty vector (indicated Vector in each panel), were cultured for 24 h in the absence (�) or presence (�) of 1 �g/ml doxycycline. After 24
h, the cells were harvested and equal amounts of whole-cell protein extracts were analyzed for expression of the respective transgenes. (E) Lewis (LEW) and
Brown Norway (BN) rats were intraperitoneally inoculated with PBS (�) or the T. gondii type I RH strain (�), and after 24 h, peritoneal cells were isolated and
Western blotting for the expression of GIMAP 4, GIMAP 5, and GIMAP 6 was performed on protein lysates of equal numbers of cells. As a loading control, rat
�-actin expression (bottom) was analyzed in equal amounts of the cell lysates.

FIG 3 Real-time PCR analysis of the growth rate of T. gondii in NR8383 cells engineered for overexpression of LEW rat-derived GIMAP 4, GIMAP 5_201, GIMAP
5_203, and GIMAP 6 or in NR8383 cells with the pLVX-TetOne-Puro empty plasmid (vector) as a control. The NR8383 cells were cultured in the presence of 1
�g/ml doxycycline for 24 h to induce expression of the respective GIMAP transgene, after which they were infected with T. gondii and maintained in culture
with doxycycline. At culture time points of 24 h (A), 48 h (B), and 72 h (C), genomic DNA was extracted from whole-cell cultures and equal amounts of DNA
were used as the template for real-time PCR quantification of the amount of T. gondii 529 repetitive and rat GAPDH gene fragments. The relative amount of
T. gondii in each culture was derived by dividing the concentration of the T. gondii 529 repetitive gene by the concentration of the rat GAPDH gene. The data
shown represent the means from three independent experiments with standard error bars, and levels of statistical significance (relative to the results for cells
expressing the empty vector) are depicted by asterisks (*, P � 0.05).
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inhibitory effect on parasite growth, with the GIMAP 5_201 variant being more effective
at 72 h than at earlier time points (Fig. 3) postinfection.

GIMAP 4, 5, and 6 localize to the parasitophorous vacuole membrane. We
performed immunofluorescence assays to analyze the localization of overexpressed
GIMAPs in T. gondii-infected NR8383 cells after 4 h of infection. We found that
individual GIMAP 4, 5, and 6 all abundantly and densely colocalized with the T. gondii
GRA5 protein (Fig. 4A), a marker for the parasitophorous vacuole membrane (15). Both
variants of GIMAP 5, the GIMAP 5_201 and GIMAP 5_203 variants, were found to
colocalize with GRA5 with a similar intensity and pattern. In NR8383 cells expressing the
empty vector as a control, low-intensity signals that could be attributed to the
endogenous expression of GIMAP 4, 5, and 6 were detected, but they only partially
colocalized with the T. gondii GRA5 protein (Fig. 4B).

Similarly, in T. gondii-infected LEW rats’ primary peritoneal cells, we found that
GIMAP 4, 5, or 6 individually abundantly and densely colocalized with the T. gondii
GRA5 protein (Fig. 5A). On the other hand, in T. gondii-infected BN rat peritoneal cells,
GIMAP 5 and GIMAP 6 were undetectable, while GIMAP 4 was barely detectable (Fig.
5B), consistent with the Western blotting results (Fig. 2E).

GIMAP 4, 5, and 6 induce lysosomal fusion to the parasite surface membrane.
To determine whether the localization of overexpressed GIMAP 4, 5, or 6 on the PVM
would induce the fusion of lysosomes to the parasites, we analyzed the distribution
pattern of LAMP1, a lysosome-specific marker protein (16), in T. gondii-infected NR8383
cells expressing the empty vector or the individual GIMAPs. We found that after 4 h of
infection, while LAMP1 appeared diffusely distributed in the cytoplasm of the NR8383
cells with the empty vector, LAMP1 densely colocalized with the T. gondii SAG1 protein
and extended into the parasites in the cells expressing each of the GIMAPs (Fig. 6).
Overexpression of either variant of GIMAP 5 induced the translocation of LAMP1 to the
parasite surface. Together, these findings indicate that the dense accumulation of
GIMAP 4, 5, or 6 on the PVM induces the fusion of lysosomes to the PVM, with extension
of the lysosomal content into the parasite inside the parasitophorous vacuole.

DISCUSSION

The disparity in the LEW and BN rats’ responses to T. gondii infection presents an
ideal opportunity for elucidating host molecular mechanisms that are important in host

FIG 4 Immunofluorescence colocalization of T. gondii GRA5 and GIMAPs in NR8383 cells infected with the T. gondii type I RH strain. NR8383 cells engineered
for inducible overexpression of GIMAP 4, 5, and 6 (A), as well as NR8383 cells with the empty pLVX-TetOne-Puro expression vector (B), were induced with
doxycycline for 24 h and thereafter cultured with T. gondii tachyzoites for 4 h, followed by immunofluorescence analyses using combinations of anti-GIMAP
antibodies (red stain, Alexa Fluor 594), anti-GRA5 antibody (green stain, Alexa Fluor 488), and a nucleus stain (DAPI). GIMAP 4, 5_201, and 6 densely colocalized
with GRA5 (Merge panels in panel A) in NR8383 cells expressing the respective transgenes, while in cells expressing the empty vector, only very scanty and
partial overlap was observed (Merge panels in panel B).
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resistance to T. gondii infection. The refractoriness of the LEW rat to toxoplasmosis has
thus far been associated with a rat genomic locus named Toxo1 on chromosome 10 (5),
but the mechanisms are still poorly defined. In other studies, we have identified two
genes, called NALP1 (NLRP1) and ALOX12, in the orthologous Toxo1 locus on chromo-
some 17 of the human genome and demonstrated that they play roles in resistance to

FIG 5 Immunofluorescence colocalization of T. gondii GRA5 and GIMAPs in rat primary peritoneal cells infected with the T. gondii type I RH strain. Primary
peritoneal cells freshly isolated from Lewis rat (A) and Brown Norway rat (B) were cultured with T. gondii tachyzoites for 12 h, followed by immunofluorescence
analyses using combinations of anti-GIMAP antibodies (red stain, Alexa Fluor 594), anti-GRA5 antibody (green stain, Alexa Fluor 488), and a nucleus stain (DAPI).
Images of the cells were also captured by differential interference contrast (DIC). In Lewis rat cells, GIMAP 4, 5, and 6 densely colocalized with GRA5 (Merge
panels in panel A). In Brown Norway rat cells, a very low fluorescence signal of GIMAP 4 that partially overlapped the GRA5 signals was detectable, while GIMAP
5 and GIMAP 6 were undetectable (Merge panels in panel B).

FIG 6 Immunofluorescence colocalization of T. gondii SAG1 and lysosome marker protein LAMP1 in NR8383
cells infected with the T. gondii type I RH strain. NR8383 cells engineered for inducible overexpression of
GIMAP 4, 5_201, and 6, as well as NR8383 cells with the empty pLVX-TetOne-Puro expression vector, were
induced with doxycycline for 24 h and thereafter cultured with T. gondii tachyzoites for 4 h, followed by
immunofluorescence analyses using combinations of anti-LAMP1 antibody (red stain), anti-SAG1 antibody
(green stain), and the DAPI nuclear stain (blue). In GIMAP 4-, 5_201-, and 6-expressing cells, LAMP1
colocalized with SAG1 (Merge panels), while in cells expressing the empty vector, LAMP1 was sparsely
distributed in the host cell cytosol and did not appear to overlap SAG1 (Merge panels).
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toxoplasmosis by mediating infected host cell death and inflammatory cytokine pro-
duction (17, 18). Cellular invasion by pathogens activates the NLRP1 inflammasome,
which leads to initiation of pyroptosis, a caspase-1-dependent highly inflammatory cell
death process often observed during infection with cytosolic pathogens (19), including
T. gondii (5, 20). Despite these earlier observations, it is quite evident that the LEW rat
engages undefined intertwined mechanisms to orchestrate the rapid and early killing
of invading T. gondii (5, 20).

Herein, we have performed global transcriptome analysis of the LEW versus BN rat,
with or without T. gondii infection, with the goal of unraveling underlying mechanisms
for the LEW rat’s robust resistance to T. gondii infection. We identified genes of the
GTPase immunity-associated protein family, GIMAP 4, 5, and 6, that were significantly
upregulated (FDR, 0.05) in the LEW rat (but not in the BN rat) in response to T. gondii
infection. GIMAPs are relatively recently reported putative small GTPases that are
conserved among mammalian species and higher plants (14, 21, 22). Human and rat
genomes each have seven functional GIMAP genes clustered in chromosome 7q36.1
(14) and chromosome 4 (23), respectively. Both human and rat GIMAPs are small
proteins of about 34 kDa to 38 kDa (10). All GIMAPs contain an AIG domain (24) and
putative coiled-coil domains reminiscent of protein-protein interactions (10). GIMAP 5
and 6 have identical sequences in both LEW and BN rats, while GIMAP 4 in the BN rat
has a 21-residue truncation in its carboxyl terminus (12).

We engineered GIMAP 4, 5, and 6 from LEW rat for inducible overexpression in a T.
gondii-susceptible macrophage cell line, NR8383. Overexpression of GIMAP 4, 5, or 6
individually in T. gondii-infected NR8383 cells showed that all three GIMAPs colocalized
with the T. gondii GRA5 protein. Consistently, the endogenous GIMAP 4, 5, and 6 also
colocalized with GRA5 in the T. gondii-infected LEW rats’ primary peritoneal cells but
were undetectable in the infected BN rats’ primary peritoneal cells. GRA5 has been
shown to specifically translocate to the PVM in T. gondii-infected host cells (15), and
thus, antibodies directed against GRA5 are used in immunostaining assays to delineate
the PVM (25). Therefore, our observation that GIMAP 4, 5, and 6 colocalized with GRA5
in T. gondii-infected cells indicated that the GIMAPs accumulated on the PVM. Similarly,
IFN-�-induced GTPases, IRGs in mice and GBPs in humans, have been shown to
specifically translocate to the PVM in T. gondii-infected host cells (6, 7). However, unlike
GIMAPs, both IRGs and GBPs are larger GTPases, averaging about 47 kDa and 65 kDa,
respectively (26).

NK cells and T lymphocytes activated by interleukin-12 produce IFN-�, which, in
turn, induces the generation of IRGs and GBPs (27). Interestingly, in the present study,
by analyzing the RNA sequencing data, we observed that, despite having higher
expression of GIMAPs, the T. gondii-infected LEW rats had 3.4-fold lower expression of
IFN-� transcripts than the T. gondii-infected BN rats. Additionally, we did not observe
significant differential expression of any IRG transcripts between the T. gondii-infected
LEW and BN rats. Subsequently, we induced overexpression of GIMAP 4, 5, and 6 in a
macrophage cell line (NR8383) in the absence of IFN-�-producing NK cells or T
lymphocytes, but we observed that each of the three GIMAPs translocated to the PVM.
Together, these findings suggest that the expression of the GIMAPs and their targeting
to the PVM are not driven by IFN-�.

The mechanism by which PVM-docked IRGs kill intracellular T. gondii is by directly
rupturing the PVM membrane, leading to the release of T. gondii tachyzoites into the
host cell cytosol (28), where they are degraded (8). On the other hand, GBPs on the PVM
restrict parasite growth through recruitment of antimicrobial molecules, including
autophagy protein complex, inflammasome, and NADPH oxidase NOX2 (29). In the
present study, we observed that each of the overexpressed GIMAP 4, 5, and 6 induced
the translocation of the lysosomal marker protein LAMP1 onto the surface membrane
of T. gondii tachyzoites in NR8383 cells. LAMP1 was observed not only to delineate the
parasite surface but also to extend into the inside of the parasite, indicating lysosomal
acidification of the parasite cytosol. A predominantly membrane-bound IRG (IRGM1) on
a Mycobacterium bovis phagosome membrane has been shown to interact with SNARE
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protein complexes, leading to rapid fusion of the degradative lysosomes to the
phagosome and destruction of the pathogen (30). In the case of T. gondii, lysosomal
fusion to the otherwise nonfusogenic PVM has been demonstrated to kill the parasites
in the parasitophorous vacuole (31). Indeed, we found that the growth of the T. gondii
type I RH strain in NR8383 cells overexpressing GIMAP 4, 5, or 6 individually was
restricted. This implies that the GIMAP-induced lysosome fusion to the PVM was
associated with the restriction of intracellular T. gondii growth. While each of the
candidate GIMAPs individually inhibited parasite growth, there were notable variations
in their effects, with GIMAP 4 having the more profound inhibitory effect. It is likely that
endogenous upregulation of GIMAP 4, 5, and 6 together results in additive inhibitory
effects against parasite growth in the LEW rat cells.

We have recently reported that, compared to the BN rat, the LEW rat maintains
inherently higher levels of reactive oxygen species (ROS) that are associated with
restriction of intracellular T. gondii growth (32). ROS in phagocytic cells have been
shown to induce the recruitment of autophagy components to phagosomes, which
may facilitate lysosomal fusion (33, 34). Together with our present observations, we
postulate that T. gondii infection in the LEW rat augments the expression of GIMAPs
that translocate to the PVM, where they recruit yet unknown additional components,
facilitated by high ROS levels, leading to lysosomal fusion, disruption of the PVM, and
killing of the parasites. The NLRP1 and ALOX12 genes, which have been shown to
mediate the killing of T. gondii parasites and infected host cells by macrophages (5, 17,
18), activate downstream proinflammatory effector molecules, which leads to restric-
tion of parasite growth, while GIMAPs appear to directly target and destroy the PVM
and kill the parasites in the PVM. Taken together, our present and previous findings
imply that the LEW rat engages a multifaceted approach, culminating in the rapid
killing of both the intracellular T. gondii parasites and the host cell.

MATERIALS AND METHODS
Parasite culture and purification. Human foreskin fibroblasts (HFFs) were cultured to confluence in

Iscove’s modified Dulbecco’s medium supplemented with 10% (vol/vol) heat-inactivated fetal bovine
serum, 1% (vol/vol) GlutaMAX, and 1% (vol/vol) penicillin-streptomycin-amphotericin B (Fungizone) (Life
Technologies) at 37°C with 5% CO2. Tachyzoites of the type I RH strain of T. gondii were maintained in
the confluent HFF culture. To extract T. gondii tachyzoites, the infected HFFs were suspended in medium
and passed through a 25-gauge needle twice, followed by filtering through a 3-�m-pore-size filter to
isolate the parasites from the cell debris. Isolated parasites were washed three times in phosphate-
buffered saline (PBS), and their concentration was determined using a hemocytometer.

Rat infection assays, purification of peritoneal cells, and RNA extraction. The protocol approved
by the University of Illinois at Urbana—Champaign Institutional Animal Care and Use Committee was
followed in performing experimental procedures involving rats. Male Lewis (LEW) and Brown Norway
(BN) rats, aged 4 weeks, were obtained from Charles River. After 10 days of acclimatization, the rats were
divided into two groups (4 animals in each group) per rat strain. For each rat strain, the treatment group
animals were each intraperitoneally inoculated with 3.5 � 106 freshly isolated T. gondii RH strain
tachyzoites constitutively expressing cytosolic yellow fluorescent protein (20), while the control group
animals were inoculated with an equal volume of sterile PBS. After 24 h, the rats were sacrificed, and
immediately, peritoneal lavage was performed to isolate peritoneal cells in RPMI medium. About 1 � 107

of the freshly isolated rat peritoneal cells were used for total RNA extraction using an RNeasy minikit
(Qiagen). A Qubit (v3.0) fluorometer RNA BR kit (Life technologies) and an Agilent 2100 bioanalyzer
(Agilent Technologies) were used to determine the quantity and quality of the RNA samples, respectively.
The RNA samples were stored at �80°C until use.

Generation of RNA libraries and RNA sequencing. RNA library production and sequencing were
done essentially as we have previously reported (32). Briefly, freshly extracted RNA samples were
used to prepare RNA libraries at the Roy J. Carver Biotechnology Center’s High Throughput
Sequencing and Genotyping Unit of the University of Illinois at Urbana—Champaign, using Illumi-
na’s TruSeq Stranded mRNAseq sample preparation kit (Illumina). The libraries were quantitated by
fluorometry (Qubit), and their quality was determined using a bioanalyzer. The libraries were then
diluted to 10 nM and quantified by quantitative PCR. Sequencing of the RNA libraries was done using
a HiSeq SBS sequencing kit (v4) and a HiSeq2500 system (Illumina). Residual adapter content and
low-quality bases on the generated sequences were trimmed using Trimmomatic (version 0.33),
while the bcl2fastq (v2.17.1.14) conversion software (Illumina) was used to generate and demultiplex
Fastq files from the sequence data. An ASCII offset of 33, known as Sanger scores, was used to
determine the quality scores line in Fastq files. Feature Counts in the Sub-read (v1.5.0) package were
used to derive gene counts, while gene annotations, including gene ontology terms, were down-
loaded from Ensembl (release 84) for Rnor_6.0 and ToxoDB.org (release 28) for T. gondii GT1. The
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SAMtools (v1.3) idxstats tool was used to determine the number of reads mapping to each rat
chromosome and to the T. gondii genome.

Real-time PCR and Western blotting analyses of expression of candidate genes. To confirm
differential expression of candidate genes by real-time PCR and Western blotting, the LEW and BN rat
infection assays described above were repeated, and after 24 h, the rats were sacrificed and peritoneal
cells were extracted in PBS. Additionally, for each rat, 2 cm of the ileum was resected, washed in PBS to
remove the intestinal content, and then homogenized in the TRIzol reagent (Invitrogen). The homoge-
nate was spun down, and the supernatant was used for RNA extraction following the TRIzol reagent
homogenization procedure. About 1 � 107 freshly isolated peritoneal cells were also used for total RNA
extraction with the TRIzol reagent. For each sample, 2 �g of RNA was used for the synthesis of first-strand
cDNA using a SuperScript II reverse transcriptase kit (Invitrogen). The primer pairs used were RT-GIMAP
4-F and RT-GIMAP 4-R for the GIMAP 4 gene, RT-GIMAP 5-F and RT-GIMAP 5-R for the GIMAP5 gene,
RT-GIMAP 6-F and RT-GIMAP 6-R for the GIMAP 6 gene, and GAPDH-F and GAPDH-R for the rat
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (Table 2). The primer pairs generated DNA
fragments of 104 bp, 130 bp, 87 bp, and 300 bp for the GIMAP 4, GIMAP 5, GIMAP 6, and GAPDH genes,
respectively. PCR products for each gene were fractionated on an agarose gel, and the DNA bands were
extracted using a QIAquick gel extraction kit (Qiagen). The concentration of the purified DNA fragments
was measured by use of a NanoDrop spectrophotometer (Fisher). Tenfold serial dilutions of the extracted
DNA fragments were made and used as quantification standards for real-time PCR. Each real-time PCR
mixture contained 1 �l of cDNA template, 1 �l of primer mix (500 nM [each] primer), and 10 �l of SsoFast
EvaGreen supermix (Bio-Rad), with the final volume made up to 50 �l with nuclease-free water. The
cycling conditions included an initial denaturation for 10 min at 98°C, 40 cycles at 98°C for 15 s and 60°C
for 1 min, and a final melting curve step. Cycling was performed using a 7500 real-time PCR system
(Applied Biosystems). Transcript quantities were derived by the system software using the generated
standard curves. The relative amount of the GIMAP gene transcripts was derived by dividing the
concentration of the respective GIMAP gene by the concentration of the rat GAPDH gene from each
cDNA sample.

For Western blotting, part of the extracted equal amounts of the rat peritoneal cells was lysed
in Laemmli sample buffer. Equal amounts of the cell lysates were fractionated by SDS-PAGE and
transferred to nitrocellulose membranes. The primary antibodies used for blotting were goat
anti-GIMAP 4 (sc-103519; Santa Cruz Biotechnology), goat anti-GIMAP5 (sc-164476; Santa Cruz
Biotechnology), and goat anti-GIMAP 6 (sc-247002; Santa Cruz Biotechnology) for GIMAP 4, 5, and
6, respectively. The secondary antibodies used were a donkey anti-goat IgG (H�L)-horseradish
peroxidase (HRP) conjugate (A16005; Invitrogen). Signal generation was performed using Clarity
Western enhanced chemiluminescence (ECL) substrate (Bio-Rad), and imaging was done using a
FluoroChem R imager (Protein Simple).

Generation of lentiviral particles for inducible expression of LEW rat GIMAP genes. About 1 �g
of total RNA extracted from the LEW rat peritoneal cells using the RNeasy minikit was treated with DNase
I (Invitrogen) to remove residual genomic DNA and used for cDNA synthesis with the SuperScript II
reverse transcriptase kit (Invitrogen). Full coding sequences of the GIMAP 4, 5, and 6 genes were
amplified from the LEW rat cDNA with a CloneAmp HiFi PCR premix kit (Clontech) using the respective
primer sets (Table 2), and the amplicons were cloned into the pLVX-TetOne-Puro expression vector using
an In-Fusion HD cloning system (Clontech) following the manufacturer’s instructions. The recombinant
pLVX-TetOne-Puro expression vectors carrying the coding sequences were transformed in Stellar com-

TABLE 2 Primers used in this study

Primera Sequence (5=–3=)
GIMAP 4-F CCCTCGTAAAGAATTCATGGAAGCCCAGTACAGT
GIMAP 4-R GAGGTGGTCTGGATCCCTAGTCTCTCATAAACTGGTTGA
GIMAP 5_201-F CCCTCGTAAAGAATTCATGGAGGACCATGGCTT
GIMAP 5_201-R GAGGTGGTCTGGATCCTCATTTCCACCTGCCAAT
GIMAP 5_203-F CCCTCGTAAAGAATTCATGGAAGGCCTTCAGAAGA
GIMAP 5_203-R GAGGTGGTCTGGATCCTCATTTCCACCTGCCAAT
GIMAP 6-F CCCTCGTAAAGAATTCATGAATTGGCTTTACAGTAAAAC
GIMAP 6-R GAGGTGGTCTGGATCCTTAAAGGGTTTTGCTGGAGA
pLVX-F ATGTAAACCAGGGCGCCTAT
pLVX-R ACCCGTCTTTGGATTAGGCA
529-F AGCTGCGTCTGTCGGGATGAGA
529-R ACCCTCGCCTTCATCTACAGT
GAPDH-F TTCATTGACCTCAACTACATGGTTTACA
GAPDH-R TCTGCAGCTGAAGTAGAAGACATGCT
RT-GIMAP4-F CACTCGCTGTGTTGCTCTGA
RT-GIMAP4-R GAAGTTTCCGTGTGGCCTTG
RT-GIMAP5-F GCTTCCTAGTGGTGGACACG
RT-GIMAP5-R AGTTGGGTCACCAGCAACAA
RT-GIMAP6-F CAAAATCAGCGCTCGACCAG
RT-GIMAP6-R GGGGTGTCGATCACCTCAAG
aF, forward; R, reverse.
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petent Escherichia coli cells (Clontech) and purified using a NucleoBond Xtra Midi Plus kit (Clontech). After
sequencing to confirm gene insert identity, the purified pLVX-TetOne-Puro expression plasmids were
used with the Lenti-X Packaging Single Shots system (Clontech) to generate lentivirus particles in Lenti-X
293T cells (Clontech). Briefly, Lenti-X 293T cells were cultured to about 80% confluence in petri dishes
(10-cm diameter) with 8 ml of Dulbecco modified Eagle medium supplemented with 4.5 mg/ml glucose,
4 mM L-glutamine, 1 mM sodium pyruvate, 1.5 mg/ml sodium bicarbonate, 10% (vol/vol) heat-inactivated
fetal bovine serum, 100 U/ml penicillin, and 100 �g/ml streptomycin. For each transfection, 7.0 �g of
recombinant pLVX-TetOne-Puro expression plasmid in 600 �l of nuclease-free sterile double-distilled
water was added to a Lenti-X Packaging Single Shots system, the components were mixed, and the
mixture was incubated at room temperature for 10 min. The whole mixture was added dropwise to one
petri dish of a Lenti-X 293T cell culture and mixed by gentle rocking. The cells were incubated at 37°C
with 5% CO2 for 8 h, after which the medium was changed, the cells were incubated for a further 48 h,
and the culture medium was collected. The presence of lentivirus particles in the medium was deter-
mined using the Lenti-X GoStix reagent (Clontech) following the manufacturer’s protocol. The lentiviral
particles in the medium were concentrated using the Lenti-X concentrator reagent (Clontech) following
the manufacturer’s instructions. The concentrated viral titer was estimated using the Lenti-X GoStix
reagent. The viral particles were aliquoted and stored at �80°C until use.

Transduction of NR8383 cells with lentiviral particles. Lentiviral particles expressing the GIMAP
transgenes or the empty pLVX-TetOne-Puro expression vector (control) were used to transduce NR8383
cells (CRL2192; ATCC). Briefly, NR8383 cells were cultured to 70% confluence in petri dishes (10-cm
diameter) containing Ham’s F-12K medium supplemented with 2 mM L-glutamine, 1.5 g/liter sodium
bicarbonate, and 10% (vol/vol) certified tetracycline-free fetal bovine serum (Clontech). Polybrene
solution was added to the cell culture to a final concentration of 4 �g/ml and mixed by rocking the cells
gently. About 200 �l of thawed lentiviral aliquot (at a titer of about 105 inclusion-forming units) was
added to the cells dropwise, and the cells and virus were mixed by rocking gently. The transduced cells
were cultured overnight, after which the cells were selected with 12 �g/ml of puromycin (Clontech) for
3 weeks. Puromycin-resistant cells were cloned by limiting dilution. Selected clones were cultured in the
absence or presence of 1 �g/ml doxycycline and then analyzed by Western blotting to determine the
clones that induced the expression of the transgenes over a 24-h period. The primary antibodies used
were goat anti-GIMAP 4 (sc-103519; Santa Cruz Biotechnology), goat anti-GIMAP5 (sc-164476; Santa Cruz
Biotechnology), and goat anti-GIMAP 6 (sc-247002; Santa Cruz Biotechnology) for GIMAP 4, 5, and 6,
respectively. The secondary antibodies used were a donkey anti-goat IgG (H�L)-HRP conjugate (A16005;
Invitrogen). Signal generation was performed using the Clarity Western ECL substrate (Bio-Rad), and
imaging was done using the FluoroChem R imager (Protein Simple).

Immunofluorescence assays. NR8383 cells overexpressing the GIMAP transgenes or the pLVX-
TetOne-Puro empty vector were grown on coverslips in 24-well plates in supplemented Ham’s F-12K
medium and infected with T. gondii type I RH strain tachyzoites at a multiplicity of infection (MOI) of 1:10
(parasites/cells). Similarly, 107 freshly isolated primary peritoneal cells from uninfected LEW and BN rats
were seeded on coverslips in 24-well plates in supplemented Ham’s F-12K medium and infected with T.
gondii type I RH strain tachyzoites at an MOI of 1:10. For immunofluorescence analysis, the cultures were
fixed with 3% (wt/vol) formaldehyde in PBS for 30 min at room temperature. Permeabilization of the cells
was done with 0.2% Triton X-100 in PBS at room temperature for 10 min, followed by washing with PBS
and incubation at 4°C overnight with blocking buffer (0.2% Triton X-100 and 3% bovine serum albumin
in PBS) containing primary antibodies against the respective GIMAPs. The primary antibodies used were
goat anti-GIMAP 4 (sc-103519; Santa Cruz Biotechnology), goat anti-GIMAP 5 (164476; Santa Cruz
Biotechnology), and goat anti-GIMAP 6 (sc-247002; Santa Cruz Biotechnology) for GIMAP 4, 5, and 6,
respectively, or rabbit anti-LAMP1 (ab24170; Abcam) and mouse monoclonal antibody against T. gondii
GRA5 (BIO.018.6; Biotem) or SAG1 (C65620M; Meridian Life Science). The secondary antibodies used were
Alexa Fluor 488-conjugated donkey anti-mouse immunoglobulin antibody (A11001; Invitrogen), Alexa
Fluor 594-conjugated donkey anti-goat immunoglobulin antibody (A11058; Invitrogen), and Alexa Fluor
594-conjugated goat anti-rabbit antibody (A-11037; Invitrogen). After washing the cells in blocking buffer
to remove unbound primary antibodies, secondary antibodies diluted in blocking buffer at 1:300 were
added and the mixture was incubated at room temperature for 1 h. The cells were then washed three
times in PBS and air dried, and each coverslip was placed on a glass slide to overlay a drop of ProLong
Gold antifade reagent with DAPI (4=,6-diamidino-2-phenylindole; Life Technologies) and sealed with nail
polish. The slides were analyzed using a Nikon A1R confocal laser microscope system.

Determination of effect of GIMAPs on T. gondii growth in NR8383 cells. NR8383 cells engi-
neered for inducible overexpression of individual GIMAP transgenes or the pLVX-TetOne-Puro empty
vector were grown to confluence in supplemented Ham’s F-12K medium in 12-well plates. One day
prior to infection, the medium was replaced with fresh medium containing 1 �g/ml doxycycline.
After 24 h of culture in the presence of doxycycline, fresh medium with 1 �g/ml doxycycline was
added, followed immediately by addition of 4 � 104 freshly extracted T. gondii type I RH strain
tachyzoites to each well. At time intervals of culture of 24 h, 48 h, and 72 h postinfection, genomic
DNA was extracted from the whole culture of each well using PureLink genomic DNA kits (Invitro-
gen). The concentration of the extracted genomic DNA from each culture well was measured with
a NanoDrop spectrophotometer (Fisher) and adjusted by dilution to make the concentrations
uniform in all the samples. Quantification of the amount of the T. gondii 529 repetitive gene
(GenBank accession number AF146527) and the rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene (GenBank accession number BC029618) was performed on equal amounts of DNA
template using real-time PCR. The primer pairs used were 529-F and 529-R for the 529 repetitive gene
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and GAPDH-F and GAPDH-R for the GAPDH gene (Table 2). The primer pairs generated DNA fragments
of 174 bp and 300 bp for the 529 repetitive and GAPDH genes, respectively. PCR products for each gene
were fractionated on an agarose gel, and the DNA bands were extracted using a QIAquick gel extraction
kit (Qiagen). The concentration of the purified DNA fragments was measured with a NanoDrop spec-
trophotometer (Fisher). Tenfold serial dilutions of the extracted DNA fragments were made and used as
quantification standards for real-time PCR. Each real-time PCR mixture contained 1 �l (containing a
uniform concentration of DNA across all samples analyzed) of DNA template, 1 �l of primer mix (500 nM
[each] primer), and 10 �l of SsoFast EvaGreen supermix (Bio-Rad), with the final volume made up to 50
�l with nuclease-free water. The cycling conditions included an initial denaturation for 10 min at 98°C,
40 cycles at 98°C for 15 s and 60°C for 1 min, and a final melting curve step. Cycling was performed using
a 7500 real-time PCR system (Applied Biosystems). DNA quantities were derived by the system software
using the generated standard curves. The relative amount of T. gondii was derived by dividing the
concentration of T. gondii 529 repetitive gene by the concentration of the rat GAPDH gene from each
DNA sample. Three independent experiments of this assay were performed, with each experiment being
done in triplicate.

Data analysis. The R (v3.3.0) and Bioconductor packages (35, 36) were used to preprocess the raw
RNA sequencing data, while analysis was performed with EdgeR’s (v3.14.0) negative binomial generalized
linear model with likelihood ratio tests and tag-wise dispersion estimates (37, 38, 39). One-way ANOVA
was used to compare the data across and between groups, while the false discovery rate method (40)
was used to perform multiple-hypothesis-test correction. A weighted gene correlation network analysis
(WGCNA; v1.51) using the trimmed mean for M values (TMM) normalized log2 count per million (CPM)
values was performed to compare gene expression patterns across treatment groups (41, 42). Heat maps
were generated separately for rat and Toxoplasma genes with the ANOVA FDR (P � 0.05) using
TMM-normalized log2 CPM values that were scaled to have a mean of 0 and a standard deviation of 1.
All the sequencing data were analyzed using log2 scale values and then converted from the log2 fold
change (FC) to the regular FC. All other experimental data analyses were performed using a two-tailed
Student’s t test. P values of 0.05 or less were considered significant.

Accession number(s). The entire series of RNA sequencing data reported in this study is publicly
accessible in the Gene Expression Omnibus (GEO) repository with accession number GSE100203.
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