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Abstract

Toxoplasma gondii is a zoonotic protozoan pathogen that causes toxoplasmosis,
an infectious disease that affects most mammals, including domestic animals, wild
animals, and humans. Toxoplasmosis in domestic animals causes miscarriages or
stillbirths, resulting in economic losses and posing a challenge in animal husbandry.
T. gondii is thus an important pathogen that causes serious animal and public health
issues, yet there is still no vaccine or preventative medicine. Therefore, efforts to
develop novel treatments for toxoplasmosis and to understand the interaction between
the host immune response and the parasite in host cells are essential. We know that
interferon-y (IFN-y)-induced tryptophan degradation by indole-2,3-dioxygenase
(IDO1) plays an important role in the IFN-y-induced anti-7. gondii response.
However, little is known about 7. gondii virulence mechanisms targeting IDO1.
Therefore, we focused on the 7. gondii effector TgGRA1S5 and analyzed its virulence
function and mechanism to antagonize the IDO1-mediated anti-7. gondii response. In
this study, we demonstrate that inducible nitric oxide synthase is a key host factor for

TgGRA15-dependent disruption of the IDO1-dependent anti-7. gondii response.

Introduction

Toxoplasma gondii is an obligate intracellular zoonotic
protozoan parasite that causes toxoplasmosis in most
mammals, including domestic animals, wild animals, and
humans (Boothroyd, 2009; Dubey, 2010). The family Felidae,
which includes domestic cats, is the definitive host of 7.
gondii. The parasite can easily spread infection through the
accidental swallowing of food or water contaminated with
oocysts. Accordingly, 7. gondii is prevalent in most areas of the
world (Montazeri et al., 2020). Toxoplasmosis in humans and
domestic animals can cause congenital disease, miscarriages
and stillbirths, leading to not only problems of animal hygiene
and public health, but also economic losses to farmers (Stelzer
et al., 2019). Yet, no effective vaccine or preventive drug has
yet been developed. Recently, along with increased overlap
of the living space between humans, domestic animals, and
wild animals, the number of cases of toxoplasmosis has been
increasing annually. In fact, in 2015, we reported that the
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number of 7. gondii infected-wild animals is increasing in
Japan (Bando et al., 2015). Furthermore, 7. gondii has been
ranked among the top five human pathogens that cause life
impairment and economic losses in the United States (Batz et
al., 2012). Therefore, to develop novel therapeutic methods or
medicines against 7. gondii, basic research on the interaction
between 7. gondii and its host is essential.

The host immune resistance responses to 7. gondii rely on
innate and adaptive immunity (Lee et al., 2015; Ma et al., 2014;
MacMicking, 2012). Interferon-y (IFN-y), which is produced
by CD4" T cells and natural killer cells and stimulates cell-
autonomous responses in both immune and non-immune cells,
is the most important molecule for anti-7. gondii responses
(Suzuki et al., 1988). IFN-y plays a role in the activation of
the STAT1 transcription factor and induction of the expression
of hundreds of genes (Platanias, 2005). Some studies have
shown that IFN-y-inducible GTPases mediate parasiticidal
and parasitostatic responses in mice (Taylor et al., 2007; Zhao
et al., 2009; Yamamoto et al., 2012), whereas other recent
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studies have reported that these GTPases may not play major
roles in IFN-y dependent anti-7. gondii responses in human
cells (Ohshima et al., 2015; Fisch et al., 2019). We have
shown that IFN-y stimulates the expression of indoleamine
2,3-dioxygenase (IDO) and has an essential role in the anti-
T. gondii responses of various human cell types (Bando et al.,
2018b). Thus, although IFN-y has a critical role in the anti-7
gondii response of both humans and mice, the [FN-y-inducible
effector mechanisms may differ between these two species.

T. gondii secretes various effector molecules, called rhoptry
proteins (ROPs) and dense granule proteins (GRAs), into
host cells. These effectors are frequently used to promote
parasite growth in host cells (Hakimi ez al., 2017; Hunter
and Sibley, 2012), and their virulence mechanisms, function,
and significance have been extensively researched in mouse
models (Behnke et al., 2011; Etheridge et al., 2014; Fentress et
al., 2010; Reese et al., 2011; Rosowski et al., 2014; Rosowski
and Saeij, 2012; Steinfeldt et al., 2010). The Toxoplasma
effector TeGRA1S5, one of the dense granule proteins, is
secreted into host cells to activate the host transcription
factor NF-xB in mice (Gov et al., 2013; Jensen et al., 2011;
Rosowski et al., 2011), although it should be noted that most
virulence factors suppress the host immune responses (Olias
et al., 2016; Gay et al., 2016). TgGRA15-deficient 7. gondii
has been shown to promote parasite proliferation in vivo in
mice (Jensen et al., 2013; Rosowski et al., 2011), meaning that
TgGRAL1S can support host survival by preventing parasite
growth. Thus, the significance of TgGRA15 as a virulence
factor remains unclear. In this study, we introduce the virulent
mechanism of TgGRA1S5 targeting the IDO1-dependent anti-7
gondii response in human cells.

TgGRA15 promotes T. gondii growth when
co-cultured in the presence of IFN-y

The function of TgGRA1S5 as a virulence factor is
unclear; therefore, to explore it in human cells, we generated
TgGRA15-deficient (TgGRA15-KO) T. gondii by using the
CRISPR/Cas9 system. Then, we tested whether TgGRA15 has
an important role in the suppression of host immune responses
under human cell mono-culture conditions. However, we
failed to find any advantageous effect of TeGRA1S5 on parasite
growth in various human cell lines. When T. gondii infects
its host, the parasite preferentially infects CD11b+ cells such
as monocytes, and then the infected cells are carried by the
bloodstream to various organs (Courret et al., 2006). Several
kinds of co-culture models have been established to mimic
complex cell-cell interactions by using human tissue or
immune cell lines, one of which is the monocyte-hepatocyte
co-culture model (Frenkel and Remington, 1980). Because
one of the major symptoms of toxoplasmosis is hepatitis,
we developed a 7. gondii infection model using monocyte-
hepatocyte co-culture conditions. Human acute monocytic
leukemia cell line THP-1 cells were infected with wild-type or
TgGRA15-KO parasite, and then both the culture supernatant
and infected THP-1 cells were seeded onto human hepatoma
cell line Huh7 cells with or without IFN-y. Interestingly, the
parasite numbers under the TgGRA15-KO parasite-infected
co-culture condition were significantly reduced compared with
the wild-type parasite-infected co-culture condition. These

data indicate that TgGRA15 has an advantageous effect on 7.
gondii growth under human cell co-culture conditions.

NLRP3-dependent IL-1B secretion from
monocytes is essential for the pro-parasitic
effect of TgGRA15 in hepatocytes

We next attempt to reveal the mechanisms of the pro-
parasitic effect of TgGRA1S5 under co-culture conditions.
First, to test whether TgGRA15 has an effect on monocytes
or hepatocytes, the culture supernatants were collected from
wild-type and TgGRA15-KO T. gondii-infected THP-1 cells,
and then both the parasites and THP-1 cells were removed by
filtration. The filtered culture supernatants and newly prepared
wild-type or TgGRA15-KO parasites were then added to
Huh7 cells with IFN-y. Then the number of parasites in the
Huh7 cells was assessed. The presence of TgGRA15 in THP-1
cells, but not Huh7 cells, led to a reduction in parasite number,
suggesting that the presence of TgGRA15 in monocytes
and their supernatant is essential for the pro-parasitic effect.
Therefore, we next focused on the components of the
supernatant from the parasite infected-THP-1 cell culture.
Previous studies have reported that 7. gondii infection induces
proinflammatory cytokine IL-1p secretion from THP-1 cells in
a TgGRA15-dependent manner (Gov et al., 2013). It has also
been reported that IL-1f production in monocytes is dependent
on Caspase-1 and inflammasome activation (Gov et al., 2013;
Gov et al., 2017). Therefore, to test whether TgGRA15-
dependent Caspase-1 and inflammasome activation are
important for IL-1p secretion from monocytes, we generated
NLRP3-deficient (NLRP3-KO) or Caspase-1-deficient
(CASP1-KO) THP-1 cells by using CRISPR/Cas9 systems,
and then analyzed IL-1f secretion levels in the culture
supernatant. We found that both NLRP3-KO- and CASP1-
KO-infected THP-1 cells showed significantly reduced IL-1p
secretion. Then, we examined whether IL-1 secretion in THP-
1 cells is essential for suppressing the IFN-y-dependent anti-7.
gondii response under co-culture conditions. We found that the
parasite number in both wild-type parasite-infected NLRP3-
KO and CASP1-KO THP-1 cells was significantly reduced
compared with that of wild-type THP-1 cells. These results
indicate that IL-1p secretion through Caspase-1 and NLRP3
inflammasome activation in THP-1 cells has an important
role in the TgGRA15-dependent suppression of the IFN-y-
dependent anti-7. gondii response.

The IFN-y-induced IDO1-dependent anti-T.
gondii response is downregulated by TgGRA15
in hepatocytes

We previously reported that IDO1-induced tryptophan
degradation has an important role in the IFN-y-dependent
anti-T. gondii response in various human cell types including
hepatocytes (Bando et al., 2018b; Bando et al., 2019) because
tryptophan is an essential amino acid for parasite growth.
In fact, we found that the IFN-y-dependent reduction in
parasite numbers in IDO1-deficient (IDO1-KO) Huh7 cells
was abolished under TgGRA15-KO parasite-infected co-
culture conditions. Therefore, we examined whether IL-1f3
affects IDO1 expression in Huh7 cells. We found that IL-
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1B and IFN-y co-stimulation severely inhibited IDO1 mRNA
and protein levels in Huh7 cells. Then, to examine whether
IL-1B-dependent impairment of the IFN-y-dependent anti-7.
gondii response was IDO1-dependent, we generated MyD88-
deficient (MyD88-KO)— MyD8S is essential molecule for the
IL-1 receptor signaling pathway (Adachi et al., 1998)—and
IL1R1-deficient (IL1R1-KO) Huh7 cells by using CRISPR/
Cas9 systems. We found that the pro-parasitic effect of IL-
1B in IDO1-KO, MyD88-KO, and IL1R1-KO Huh7 cells was
completely abolished. Then, we compared the protein levels of
IDO1 under wild-type T. gondii- and TgGRA15-KO parasite-
infected and non-infected co-culture conditions. We found that
the protein levels of IDO1 were significantly reduced under
wild-type parasite-infected conditions compared with non-
infected conditions. Importantly, the protein levels of IDO1
under TgGRA15-KO parasite-infected conditions recovered to
the same levels as those seen under non-infected conditions.
These results indicate that the TgGAR15-induced IL-1-
dependent downregulation of IDO1 expression is important for
the impairment of the IFN-y-dependent anti-7. gondii response
in hepatocytes.

iNOS is essential for TJGRA15-dependent
inhibition of the IDO1-dependent anti-T.
gondii response

Nitric oxide (NO) production is known to strongly
downregulate IDO activity transcriptionally, translationally,
and post-translationally (Thomas et al., 1994). In addition,
inducible nitric oxide synthase (iNOS) has been shown to
be an important factor for IFN-y-mediated NO production
(Nathan and Xie, 1994). Hence to explain the mechanism
of the IL-1B-dependent IDO1 suppression, we focused on
iNOS and NO-dependent downregulation of IDO1 activity
in hepatocytes. First, we examined the expression level of
iNOS mRNA in Huh7 cells. We found that IFN-y and IL-1f
co-stimulation enhanced the expression level of iNOS mRNA
and strongly induced NO production in Huh7 cells. Then,
to examine the role of iNOS, we generated iNOS-deficient
(iINOS-KO) Huh7 cells by using the CRISPR/Cas9 system. We
found that NO was not produced from iNOS-KO Huh7 cells
upon IFN-y and IL-1p co-stimulation and that IL-1B-dependent
reduction of IDO1 protein levels did not occur in iNOS-KO
Huh7 cells. Furthermore, the IL-1B-dependent pro-parasitic
effect was completely abolished in the iNOS-KO Huh7 cells
under mono-culture conditions, suggesting that IL-1p induces
iNOS expression to inhibit the IDO1-dependent anti-7. gondii
response. Then, we tested whether this mechanism occurs
under co-culture conditions. We found that NO production
and the reduction of IDO1 was not observed in iNOS-KO
Huh7 cells co-cultured with wild-type parasite-infected wild-
type THP-1 cells. Moreover, the TgGRA15-dependent pro-
parasitic effect was abolished in iNOS-KO Huh7 cells under
these co-culture conditions. Finally, we confirmed the GRA15-
dependent virulence mechanism in primary human cells.
Taken together, our results indicate that iNOS is an essential
host factor for the TeGRA15-dependent virulence mechanism
under monocyte-hepatocyte co-culture conditions.

The Virulence Mechanism of T. gondii Effector TgGRA15 in Human Cells

Conclusion

In summary, here we showed that IL-1f is produced from
monocytes in a Toxoplasma effector TeGRA15- and host
NLRP3 inflammasome-dependent manner. We further showed
that iNOS has an essential role in the Toxoplasma TgGRA15-
dependent inhibition of the IDO1-induced anti-T gondii
response in human cells (Bando ef al., 2018a). Although
immune responses in humans and domestic animals are not
identical (Guzman and Montoya, 2018), the tryptophan-
degrading enzyme IDO and nitric oxide synthases NOS have
been found in most mammalian species (Yao et al., 2011).
Hence, the TgGRA15-dependent virulence mechanism may
contribute to 7. gondii infection in not only humans but also
domestic animals. Studies to examine whether the TgGRA15-
dependent virulence mechanism has an important role in
T. gondii infection of domestic animals, and to identify
chemical compounds that block iNOS expression or NO
production could contribute to the development of novel anti-
toxoplasmosis therapies for humans and domestic animals.

Acknowledgments

We thank the staff at the Laboratory of Immunoparasitology,
Research Institute for Microbial Diseases, Osaka University
and the Laboratory of Sustainable Animal Environment,
Graduate School of Agricultural Science, Tohoku University.
This study was supported by a Research Program on Emerging
and Reemerging Infectious Diseases (17fk0108120h0001)
and a fund for the Promotion of Joint International Research
(Fostering Joint International Research (B)) (19KK0242) from
the Japan Society for the Promotion of Science (JSPS) and
the Japanese Initiative for Progress of Research on Infectious
Diseases for Global Epidemic (17fm0208018h0001) from the
Agency for Medical Research and Development (AMED), by
a Grant-in-Aid for Scientific Research on Innovative Areas
(17K15677 and 19K16628) from the Ministry of Education,
Culture, Sports, Science and Technology, by a Cooperative
Research Grant of the Institute for Enzyme Research, Joint
Usage/Research Center, Tokushima University, by the Takeda
Science Foundation, the Ohyama Health Foundation, the
Heiwa Nakajima Foundation, the Cell Science Research
Foundation, the Mochida Memorial Foundation on Medical
and Pharmaceutical Research, the Uehara Memorial
Foundation, and the Research Foundation for Microbial
Diseases of Osaka University (for MY). This study was also
funded by grants-in-aid for Scientific Research (B:17H03913)
and Challenging Exploratory Research (19K22940) from
the Ministry of Education, Culture, Science, Sports, and
Technology (MEXT) of Japan, and by a Livestock Promotional
Subsidy from the Japan Racing Association.

References

Adachi, O., T. Kawai, K. Takeda, M. Matsumoto, H. Tsutsui, M.
Sakagami, K. Nakanishi and S. Akira (1998) Targeted disruption
of the MyD88 gene results in loss of IL-1- and IL-18-mediated
function. Immunity, 9: 143-150.

Bando, H., Y. Lee, N. Sakaguchi, A. Pradipta, J. S. Ma, S. Tanaka,
Y. Cai, J. Liu, J. Shen, Y. Nishikawa, M. Sasai and M. Yamamoto
(2018a) Inducible Nitric Oxide Synthase Is a Key Host Factor
for Toxoplasma GRA15-Dependent Disruption of the Gamma

15



16

Interferon-Induced Antiparasitic Human Response. MBio, 9:
¢01738-18.

Bando, H., Y. Lee, N. Sakaguchi, A. Pradipta, R. Sakamoto, S.
Tanaka, J. S. Ma, M. Sasai and M. Yamamoto (2019) Toxoplasma
Effector GRA15-Dependent Suppression of IFN-gamma-Induced
Antiparasitic Response in Human Neurons. Frontiers in Cellular
and Infection Microbiology, 9: 140.

Bando, H., N. Sakaguchi, Y. Lee, A. Pradipta, J. S. Ma, S. Tanaka,
D. H. Lai, J. Liu, Z. R. Lun, Y. Nishikawa, M. Sasai and M.
Yamamoto (2018b) Toxoplasma Effector TgIST Targets Host IDO1
to Antagonize the IFN-gamma-Induced Anti-parasitic Response in
Human Cells. Frontiers in Immunology, 9: 2073.

Bando, H., A. Yoshimura, M. Koketsu, A. Soga, Y. Taniguchi, M.
Ozaki, M. Suzuki, H. Kanuka and S. Fukumoto (2015) Serological
Survey of Toxoplasma gondii in Wild Sika Deer in Eastern
Hokkaido, Japan. The Journal of Protozoology Research, 25: 1-2.

Batz, M. B., S. Hoffmann and J. G. J. Morris (2012) Ranking the
disease burden of 14 pathogens in food sources in the United States
using attribution data from outbreak investigations and expert
elicitation. Journal of Food Protection, 75: 1278-1291.

Behnke, M. S., A. Khan, J. C. Wootton, J. P. Dubey, K. Tang and L.
D. Sibley (2011) Virulence differences in Toxoplasma mediated
by amplification of a family of polymorphic pseudokinases.
Proceedings of the National Academy of Sciences of the United
States of America, 108: 9631-9636.

Boothroyd, J. C. (2009) Toxoplasma gondii: 25 years and 25 major
advances for the field. International journal for parasitology, 39:
935-946.

Courret, N., S. Darche, P. Sonigo, G. Milon, D. Buzoni-Gatel and 1.
Tardieux (2006) CD11c- and CD11b-expressing mouse leukocytes
transport single Toxoplasma gondii tachyzoites to the brain. Blood,
107: 309-316.

Dubey, J. P. (2010) Toxoplasmosis of Animals and Humans. CRC
Press.

Etheridge, R. D., A. Alaganan, K. Tang, H. J. Lou, B. E. Turk and
L. D. Sibley (2014) The Toxoplasma pseudokinase ROP5 forms
complexes with ROP18 and ROP17 kinases that synergize to
control acute virulence in mice. Cell Host and Microbe, 15: 537-
550.

Fentress, S. J., M. S. Behnke, I. R. Dunay, M. Mashayekhi, L. M.
Rommereim, B. A. Fox, D. J. Bzik, G. A. Taylor, B. E. Turk, C.
F. Lichti, R. R. Townsend, W. Qiu, R. Hui, W. L. Beatty and L. D.
Sibley (2010) Phosphorylation of immunity-related GTPases by a
Toxoplasma gondii-secreted kinase promotes macrophage survival
and virulence. Cell Host and Microbe, 8: 484-495.

Fisch, D., H. Bando, B. Clough, V. Hornung, M. Yamamoto, A. R.
Shenoy and E. M. Frickel (2019) Human GBP1 is a microbe-
specific gatekeeper of macrophage apoptosis and pyroptosis. The
EMBO Journal, 38: €100926.

Frenkel, J. K. and J. S. Remington (1980) Hepatitis in toxoplasmosis.
The New England journal of medicine, 302: 178-179.

Gay, G., L. Braun, M. P. Brenier-Pinchart, J. Vollaire, V. Josserand,
R. L. Bertini, A. Varesano, B. Touquet, P. J. De Bock, Y. Coute,
I. Tardieux, A. Bougdour and M. A. Hakimi (2016) Toxoplasma
gondii TgIST co-opts host chromatin repressors dampening
STAT1-dependent gene regulation and IFN-gamma-mediated host
defenses. Journal of Experimental Medicine, 213: 1779-1798.

Gov, L., A. Karimzadeh, N. Ueno and M. B. Lodoen (2013) Human
innate immunity to Toxoplasma gondii is mediated by host
caspase-1 and ASC and parasite GRA15. MBio, 4: €00255-13.

Gov, L., C. A. Schneider, T. S. Lima, W. Pandori, M. B. Lodoen (2017)
NLRP3 and Potassium Efflux Drive Rapid IL-1beta Release from
Primary Human Monocytes during Toxoplasma gondii Infection.
The Journal of Immunology, 199: 2855-2864.

Guzman, E. and M. Montoya (2018) Contributions of Farm Animals
to Immunology. Frontiers in Veterinary Science, 5: 307.

Hakimi, M. A., P. Olias and L. D. Sibley (2017) Toxoplasma Effectors
Targeting Host Signaling and Transcription. Clinical microbiology
reviews, 30: 615-645.

Hunter, C. A. and L. D. Sibley (2012) Modulation of innate immunity
by Toxoplasma gondii virulence effectors. Nature Reviews
Microbiology, 10: 766-778.

Jensen, K. D., K. Hu, R. J. Whitmarsh, M. A. Hassan, L. Julien, D. Lu,

L. Chen, C. A. Hunter and J. P. Saeij (2013) Toxoplasma gondii
rhoptry 16 kinase promotes host resistance to oral infection and
intestinal inflammation only in the context of the dense granule
protein GRA15. Infection and Immunity, 81: 2156-2167.

Jensen, K. D., Y. Wang, E. D. Wojno, A. J. Shastri, K. Hu, L. Cornel,
E. Boedec, Y. C. Ong, Y. H. Chien, C. A. Hunter, J. C. Boothroyd
and J. P. Saeij (2011) Toxoplasma polymorphic effectors determine
macrophage polarization and intestinal inflammation. Cell Host
and Microbe, 9: 472-483.

Lee, Y., M. Sasai, J. S. Ma, N. Sakaguchi, J. Ohshima, H. Bando, T.
Saitoh, S. Akira and M. Yamamoto (2015) p62 Plays a Specific
Role in Interferon-gamma-Induced Presentation of a Toxoplasma
Vacuolar Antigen. Cell reports, 13: 223-233.

Ma, J. S., M. Sasai, J. Ohshima, Y. Lee, H. Bando, K. Takeda and M.
Yamamoto (2014) Selective and strain-specific NFAT4 activation
by the Toxoplasma gondii polymorphic dense granule protein
GRAG. The Journal of experimental medicine, 211: 2013-2032.

MacMicking, J. D. (2012) Interferon-inducible effector mechanisms in
cell-autonomous immunity. Nature reviews Immunology, 12: 367-
382.

Montazeri, M., T. M. Galeh, M. Moosazadeh, S. Sarvi, S. Dodangeh,
J. Javidnia, M. Sharif and A. Daryani (2020) The global serological
prevalence of Toxoplasma gondii in felids during the last five
decades (1967-2017): a systematic review and meta-analysis.
Parasites and Vectors, 13(1): 82.

Nathan, C. and Q. W. Xie (1994) Nitric oxide synthases: roles, tolls,
and controls. Cell, 78: 915-918.

Ohshima, J., M. Sasai, J. Liu, K. Yamashita, J. S. Ma, Y. Lee, H.
Bando, J. C. Howard, S. Ebisu, M. Hayashi, K. Takeda, D. M.
Standley, E. M. Frickel and M. Yamamoto (2015) RabGDIalpha
is a negative regulator of interferon-gamma-inducible GTPase-
dependent cell-autonomous immunity to Toxoplasma gondii.
Proceedings of the National Academy of Sciences of the United
States of America, 112: E4581-4590.

Ohshima, J., Y. Lee, M. Sasai, T. Saitoh, J. Su Ma, N. Kamiyama, Y.
Matsuura, S. Pann-Ghill, M. Hayashi, S. Ebisu, K. Takeda, S. Akira
and M. Yamamoto (2014) Role of mouse and human autophagy
proteins in IFN-gamma-induced cell-autonomous responses against
Toxoplasma gondii. Journal of Immunology, 192: 3328-3335.

Olias, P., R. D. Etheridge, Y. Zhang, M. J. Holtzman and L. D. Sibley
(2016) Toxoplasma Effector Recruits the Mi-2/NuRD Complex to
Repress STAT1 Transcription and Block IFN-gamma-Dependent
Gene Expression. Cell Host and Microbe, 20: 72-82.

Platanias, L. C. (2005) Mechanisms of type-I- and type-Il-interferon-
mediated signaling. Nature Reviews Immunology, 5: 375-386.

Reese, M. L., G. M. Zeiner, J. P. Saeij, J. C. Boothroyd and J. P. Boyle
(2011) Polymorphic family of injected pseudokinases is paramount
in Toxoplasma virulence. Proceedings of the National Academy of
Sciences of the United States of America, 108: 9625-9630.

Rosowski, E. E., D. Lu, L. Julien, L. Rodda, R. A. Gaiser, K. D.
Jensen and J. P. Saeij (2011) Strain-specific activation of the NF-
kappaB pathway by GRAIS5, a novel Toxoplasma gondii dense
granule protein. Journal of Experimental Medicine, 208: 195-212.

Rosowski, E. E., Q. P. Nguyen, A. Camejo, E. Spooner and J. P.
Saeij (2014) Toxoplasma gondii Inhibits gamma interferon (IFN-
gamma)- and IFN-beta-induced host cell STAT1 transcriptional
activity by increasing the association of STAT1 with DNA.
Infection and Immunity, 82: 706-719.

Rosowski, E. E. and J. P. Saeij (2012) Toxoplasma gondii clonal strains
all inhibit STAT1 transcriptional activity but polymorphic effectors
differentially modulate IFN gamma induced gene expression and
STAT1 phosphorylation. PLoS One, 7: ¢51448.

Steinfeldt, T., S. Konen-Waisman, L. Tong, N. Pawlowski, T.
Lamkemeyer, L. D. Sibley, J. P. Hunn and J. C. Howard (2010)
Phosphorylation of mouse immunity-related GTPase (IRG)
resistance proteins is an evasion strategy for virulent Toxoplasma
gondii. PLoS biology, 8: €1000576.

Stelzer, S., W. Basso, J. Benavides Silvan, L. M. Ortega-Mora, P.
Maksimov, J. Gethmann, F. J. Conraths and G. Schares (2019)
Toxoplasma gondii infection and toxoplasmosis in farm animals:
Risk factors and economic impact. Food and Waterborne
Parasitology, 15: €00037.

Suzuki, Y., M. A. Orellana, R. D. Schreiber and J. S. Remington

H. BANDO et al.



(1988) Interferon-gamma: the major mediator of resistance against
Toxoplasma gondii. Science, 240: 516-518.

Taylor, G. A., C. G. Feng and A. Sher (2007) Control of IFN-gamma-
mediated host resistance to intracellular pathogens by immunity-
related GTPases (p47 GTPases). Microbes and Infection, 9: 1644-
1651.

Thomas, S. R., D. Mohr and R. Stocker (1994) Nitric oxide inhibits
indoleamine 2,3-dioxygenase activity in interferon-gamma primed
mononuclear phagocytes. The Journal of biological chemistry, 269:
14457-14464.

Yamamoto, M., M. Okuyama, J. Ma, T. Kimura, N. Kamiyama, H.
Saiga, J. Ohshima, M. Sasai, H. Kayama, T. Okamoto, D. C. S.

The Virulence Mechanism of T. gondii Effector TgGRA15 in Human Cells

Huang, D. Soldati-Favre, K. Horie, J. Takeda and K. Takeda (2012)
A cluster of interferon-y-inducible p65 GTPases plays a critical
role in host defense against Toxoplasma gondii. Immunity, 37: 302-
313.

Yao, K., J. Fang, Y. L. Yin, Z. M. Feng, Z. R. Tang and G. Wu (2011)
Tryptophan metabolism in animals: important roles in nutrition and
health. Frontiers in Bioscience, 3: 286-297.

Zhao, Y., D. J. Ferguson, D. C. Wilson, J. C. Howard, L. D. Sibley
and G. S. Yap (2009) Virulent Toxoplasma gondii evade immunity-
related GTPase-mediated parasite vacuole disruption within primed
macrophages. Journal of Immunology, 182: 3775-3781.

17



