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Inducible nitric oxide synthase in innate immune cells is
Important for restricting cyst formation of Toxoplasma gondii in
the brain but not required for the protective immune process to
remove the cysts
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Abstract

Significantly larger numbers of Toxoplasma gondii cysts were detected in the brains of RAG1 ™/~
NOS2~/~ than RAG1 ™/~ mice following infection. In contrast, the cyst numbers markedly
decreased in a same manner in both strains of mice after receiving CD8" immune T cells. Thus,
NOS2-mediated innate immunity is important for inhibiting formation of cysts in the brain but not
required for the T cell-initiated cyst removal, which is associated with phagocyte accumulation.
Treatment with chloroquine, an inhibitor of endolysosomal acidification, partially but significantly
inhibited the T cell-mediated cyst removal, suggesting that phagosome-lysomose fusion could be
involved in the 7. gondii cyst elimination.
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1. Introduction

Toxoplasma gondii, an obligate intracellular protozoan parasite, is an important pathogen
that can cause various diseases such as lymphadenitis and congenital infection to fetuses [9,
3]. During the acute stage of infection, tachyzoites proliferate within a variety of nucleated
host cells. Whereas IFN-y-dependent, cell-mediated immune responses control the
tachyzoites proliferation [18, 19, 10], the parasite establishes a chronic infection by forming
cysts in various organs, especially in the brain. The cysts reside within host cells, and one
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cyst can contain hundreds to thousands of bradyzoites surrounded by the cyst wall. This
chronic infection is widespread in humans worldwide including developed countries, with
up to one third of human population being estimated to be infected [9]. This chronic
infection can reactivate and cause life-threatening toxoplasmic encephalitis in
immunocompromised individuals such as those with AIDS, neoplastic diseases, and organ
transplants [9, 4, 22]. Since the reactivation of the infection is initiated by rupture of cysts,
followed by conversion of released bradyzoites to tachyzoites and proliferation of the
tachyzoites, it is important to eradicate the tissue cysts of 7. gondiito prevent the
reactivation of the infection. However, there are currently no drugs effective to the cyst form
of the parasite. Therefore, it is important to develop a novel method capable of removing 7.
gondii cysts from chronically infected individuals.

Immunological intervention appears to be an intriguing approach to combat the chronic 7.
gondii infection. Our recent studies uncovered that CD8* T cells of mice genetically
resistant to the chronic infection have a potent activity to eliminate 7. gondii cysts when
these T cells are transferred into infected immunodeficient mice that have already formed
large numbers of the cysts in their brains [20]. We also discovered that the amino-terminal
region of dense granule protein 6 of the parasite is a key target of CD8* immune T cells for
their recognition of cyst-containing cells to initiate the anti-cyst immune process [14]. Of
interest, the anti-cyst activity of the CD8* immune T cells does not require their production
of IFN-v, the essential mediator of the protective immunity against tachyzoites, but does
require perforin [20]. Since perforin mediates the cytotoxic activity of T cells, the CD8* T
cells most likely induce the cyst removal by utilizing their cytotoxic activity.

During the T cell-mediated anti-cyst immune process, phagocytes, morphologically
microglia and macrophages, accumulate around the cysts and eventually invade into the
cysts [20]. Therefore, these phagocytes appear to be actual effector cells that kill bradyzoites
after initiation of the anti-cyst immune process by cytotoxic activity of CD8* T cells.
Although nitric oxide (NO) production by inducible NO synthase (NOS2) has been shown to
be important for inhibiting proliferation of tachyzoites within macrophages /n vitro[1] and
in the brains of infected mice [15], the mechanisms by which the phagocytes kill bradyzoites
located within the cysts is currently unknown. In the present study, we examine the role of
NOS2 in the CD8* T cell-mediated removal of 7. gondii cysts. Our study revealed that
whereas NOS2-mediated activities of the innate immune cells are important for inhibiting
formation of the cysts in the brain, the NOS2-mediated protective activity is not required for
the immune process to eliminate the cysts. The present study also demonstrated that
chloroquine, an inhibitor of phagosome-lysosome system acidification, partially inhibited
the T cell-mediated cyst removal, suggesting that degradation of bradyzoites by formation of
phagolysosomes is involved in the elimination process of the cysts.

2. Materials and methods

2.1. Mice

BALBI/c, BALB/c-background RAG1™~, NOS2~/~, and SCID mice were from the Jackson
Laboratories (Bar Harbor, ME). RAG1"NOS2~/~ mice were generated by mating the
RAG1~~ with NOS2~/~ mice. There were 4 female mice in each experimental group in all
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experiments except two groups that had 3 mice. Mouse care and experimental procedures
were performed under specific pathogen-free conditions in accordance with established
institutional guidance and approved protocols from the Institutional Animal Care and Use
Committee.

2.2. Infection with T. gondii

RAG1~, RAG1/"NOS27/~, and SCID mice were infected with 20 cysts of the ME49 strain
of 7. gondiiperorally by gavage and treated with sulfadiazine in the drinking water (400
mg/L) beginning at 9 or 10 days after infection for the entire period of experiment to control
proliferation of tachyzoites and establish a chronic infection [20, 13]. To generate CD8*
immune T cells, BALB/c mice were infected with 10 cysts perorally. Two independent
experiments were performed for each study.

2.3. Purification and transfer of CD8* immune T cells

Spleen cells obtained from 8-11 BALB/c mice that had been infected for at least 2 months
were pooled in each experiment and suspended in Hanks’ balanced salt solution (Hyclone,
Logan, UT) with 2% fetal bovine serum (Sigma, St. Louis, MO). CD8" immune T cells
were purified from the spleen cells using magnetic bead-conjugated anti-mouse CD8
(53-6.7) monoclonal antibody (Miltenyi Biotech, Auburn, CA) [20, 5]. As a control, CD8*
normal T cells were purified from the spleens of uninfected BALB/c mice in the same
manner. RAG1™~, RAG1/"NOS27/~, and SCID mice received the purified CD8" T cells
(2.4-3.2 x 108 cells) intravenously at 3 weeks after infection [20].

2.4, Treatment of infected SCID mice with chloroquine, an inhibitor of lysosome
acidification [8, 12]

Infected SCID mice were injected intraperitoneally with 0.6 mg of chloroquine (in 0.2 ml of
PBS) daily [12, 11] beginning at one week before receiving CD8" T cells for 2 weeks.
Another group of infected SCID mice were injected with PBS (0.2 ml) in the same manner.

2.5. Quantifying numbers of T. gondii cysts and amounts of mMRNA for bradyzoite-specific
BAG1, perforin, and granzyme B in the brains of infected RAG1™~, RAG1/"NOS2~/~, and

SCID mice

One week after a transfer of CD8" T cells, the brains of RAG1/~, RAG17/"N0OS2~/~, and
SCID mice were removed and a half of each brain was triturated in 0.5 ml of PBS [20].
Numbers of cysts in 3—6 aliquots (20 pl each) of the brain suspensions were counted
microscopically. RNA was purified from a half of each brain, and amounts of mRNA for
BAG1, perforin, and granzyme B were measured by reverse transcription real-time PCR
using StepOnePlus real-time PCR system with TagMan reagents (Applied Biosystems,
Branchburg, New Jersey) [20, 13]. Primers and probe for BAG1 were described previously
[17]. Primers and probes for perforin, granzyme B, and p-actin were from Applied
Biosystems.
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2.6. Statistical Analysis

Levels of difference between experimental groups were determined by Mann-Whitney test
(GraphPad Prism, La Jolla, CA). When multiple comparisons were performed within a
single experiment, corrected Pvalue (Pc) was calculated by multiplying the P value by the
number of comparisons performed within the experiment. Differences which provided
F<0.05 for a single comparison or Pc<0.05 for multiple comparisons were considered
significant.

3. Results and discussion

RAG1~~ and RAG1/"NOS2~/~ mice were infected and treated with sulfadiazine to control
tachyzoite proliferation and establish a chronic infection in their brains. Both groups of mice
lack T and B cells. Only difference between these two strains is the presence (the former) or
absence of NOS2 (the latter) in innate immune cells. At 3—4 weeks after infection, 2.8 times
larger numbers of cysts were detected in the brains of RAG17~"NOS2~/~ than RAG1 ™/~ mice
(P<0.05, Fig. 1A). Consistently, amounts of mRNA for bradyzoite-specific BAG1 were
about twice greater in the former than latter (Fig. 1B, £<0.05). Increased levels of NOS2
mRNA were detected in the brains of only infected RAG1™~ mice as expected (£<0.001,
Fig. 1C). These results indicate that the innate immune responses mediated by NOS2 are
important for the protective immunity to restrict formation of 7. gondii cysts in the brain.

We next examined whether NOS2 is important for CD8* T cell-mediated immune process to
remove 7. gondii cysts, in which phagocytes accumulate and penetrate into the cysts [20].
Infected, sulfadiazine-treated RAG1™~ and RAG1"NOS2~/~ mice received a systemic
transfer of CD8* immune T cells at 3 weeks after infection. Seven days after the T cell
transfer (Day 7), numbers of cysts in the brains of animals that had received the T cells were
markedly fewer than those that had received no T cells in both RAG1™~ and
RAG17/"NOS27~ mice (Pc<0.05 for both strains, Fig. 2A). In addition, the ratios of cyst
numbers in the mice with the T cell transfer versus those in the animals without the cell
transfer did not differ between RAG1 ™/~ and RAG1/"NOS2~/~ mice (the mean + SEM: 3.99
+1.72 % [n=8] and 6.36 + 2.32 % [n=8], respectively), although the latter had larger
numbers of cysts before the cell transfer (Fig. 2A). In agreement with the results in cyst
numbers, amounts of bradyzoite-specific BAG1 mRNA were markedly less in the mice with
the immune T cell transfer than in those without the cell transfer in both RAG1~/~ and
RAG1/"NOS27/~ strains (Pc<0.05, Fig. 2B), and the ratios of BAG1 mRNA levels in the
mice with the T cell transfer versus those in the animals without the cell transfer did not
differ between these two strains (the mean + SEM: 3.19 £+ 1.12 % [n=8] and 3.78 £ 0.98 %
[n=7], respectively). In contrast to the transfer of the immune T cells, numbers of cysts and
amounts of BAG1 mRNA in the brains of mice that had received CD8* normal T cells from
uninfected BALB/c mice did not differ from those of the control mice that had received no T
cells in both RAG1™/~ and RAG1/"NOS2~/~ mice (Figs. 2A and 2B). These results indicate
that the immune process initiated by CD8" immune T cells is able to remove 7. gondii cysts
in the absence of NOS2 in innate immune cells including phagocytes.

After the initiation of anti-cyst immune process by CD8* T cells, it is possible that
phagocytes, which invade into the cysts, phagocytose bradyzoites and destroy them by
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phagolysosome formation. To address this possibility, infected, sulfadiazine-treated SCID
mice lacking T and B cells were injected with chloroquine, the inhibitor of phagosome-
lysosome system acidification, daily beginning at 7 days before receiving CD8* immune T
cells. As a control, another group of infected SCID mice were injected with PBS in the same
manner. At 7 days after the T cell transfer, numbers of cysts in the brains of both
chloroquine- and PBS-treated mice that had received the T cells were significantly fewer
than those of a negative control mice that had not received the T cells (Pc<0.01 for
chloroquine-treated mice and Pc<0.001 for PBS-treated animals, Fig. 3A). However, when
compared between the chloroquine- and PBS-treated mice with the T cell transfer, numbers
of cysts were significantly greater in the former than the latter (Pc<0.05, Fig. 3A). Amounts
of bradyzoite-specific BAG1 mRNA were also greater in the brains of the chloroquine- than
PBS-treated mice with the T cell transfer (Fig. 3B, £<0.05).

As mentioned earlier, anti-cyst activity of CD8" immune T cells requires their perforin (9),
and therefore, the T cells most likely initiate the anti-cyst immune process by utilizing their
perforin-mediated cytotoxic activity against cyst-containing cells. Granzyme B also plays an
important role in the cytotoxic activity of CD8" T cells. Amounts of mRNA for both
perforin and granzyme B were markedly greater in the brains of both chloroguine- and PBS-
treated mice that had received the CD8" immune T cells, when compared to animals that had
received no T cells (Pc<0.001, Fig. 3C). Furthermore, perforin and granzyme B mRNA
levels did not differ between the chloroquine- and PBS-treated mice (Fig. 3C), strongly
suggesting that cytotoxic activity of CD8* immune T cells was not affected by the
chloroquine treatment. These results suggest that phagosome-lysosome system acidification
in innate immune cells, most likely phagocytes, is involved, at least in part, in the T cell-
mediated immune process for destruction of cysts and/or the elimination of the bradyzoites
located within the cysts.

The present study uncovered an important difference in the roles of NOS2 in the protective
immune responses to inhibit formation of 7. gondii cysts and those to remove the cysts that
have already been developed. The comparison between RAG1 ™/~ and RAG1/"NOS27/~
mice revealed that innate immune system is able to upregulate cerebral expression of NOS2
following 7. gondiiinfection, and that the NOS2 induced by the innate immunity plays an
important role in restricting 7. gondii cyst formation in the brain. Previous study by others
comparing NOS2~/~ and wild-type mice demonstrated that NOS2 is not required for
controlling tachyzoite proliferation in the peritoneal cavity during the acute stage of
infection following an intraperitoneal injection of the parasite but required for preventing
tachyzoite growth in the brain during the later stage of the infection [15]. Mortality in
infected NOS2~/~ mice during the later stage of infection [15] depicts the importance of the
NOS2-mediated control of cerebral tachyzoite growth in host resistance. In the present
study, it is possible that the innate immunity-induced NOS?2 inhibited cerebral tachyzoite
growth in RAG1 ™/~ mice before beginning of sulfadiazine treatment and thereby contributed
to formation of fewer cysts in their brains when compared to RAG17~NOS2/mice.

IFN-y is crucial for cerebral NOS2 expression during 7. gondii infection [3]. Our recent
studies demonstrated that in addition to T cells [21], innate immune cells including brain-
resident cells produce IFN-vy to inhibit tachyzoite growth in the brains of infected mice [5,
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14]. The results of the present study strongly suggest that IFN-y produced by innate immune
cells is able to efficiently upregulate cerebral NOS2 expression to suppress tachyzoite
proliferation. In regard to the effector cell population that becomes activated by IFN-y and
suppresses tachyzoite growth through NOS2-dependent manner in the brain, a previous
study using bone marrow chimeric mice showed that NOS2 expression only by
hematopoietic cell populations is sufficient to inhibit tachyzoite growth during the chronic
stage of infection [23]. Since /n vitro studies showed that macrophages activated by IFN-y
utilize NOS2 as a part of the mechanisms to inhibit intracellular proliferation of tachyzoites
[1], and since inflammatory monocytes that migrate into the brain play an important role in
preventing cerebral tachyzoite growth in mice [2], NOS2-mediated activity of the blood-
derived macrophages and inflammatory monocytes most likely contributes to restricting
cerebral tachyzoite growth and inhibiting cyst formation. However, these results do not
exclude a possibility that NOS2 contributes to inhibiting the stage conversion from the
tachyzoites to the bradyzoites and thereby suppressing cyst formation. Further studies are
required to determine the role of NOS2 in macrophages and inflammatory monocytes to
control cerebral tachyzoite proliferation and the role of NOS2 in inhibiting the stage
conversion from tachyzoites to bradyzoites in the brain.

In contrast to the protective effects of NOS2-mediated innate immunity in inhibiting cerebral
tachyzoite proliferation and restricting formation of 7. gondii cysts in the brain, the present
study revealed that the absence of NOS2 in innate immune cells does not affect the
capability of the immune system to remove the cysts from the brain. In contrast, chloroquine
treatment partially inhibited the immune process to remove 7. gondii cysts. Since the cyst
elimination is associated with penetration of phagocytes into the cysts [20], it is most likely
that the phagocytes employ, at least in part, endolysosomal acidification during the process
to remove the cysts. Thus, the innate immune cells employ two distinct mechanisms, NOS2-
mediated and endosomal acidification-mediated, against tachyzoites and cysts, respectively.
We previously demonstrated that T cells utilize two distinct mechanisms to control 7. gondir,
IFN-+y for preventing tachyzoite proliferation [18, 17], and perforin for initiating the immune
process to eliminate the cysts [20]. Thus, both innate and T cell-mediated immune system
employ different strategies depending on two different differentiation stages of 7. gondii, the
tachyzoite and the cyst, to combat this intracellular microorganism.

The reason for the only partial inhibition of the cyst removal by chloroquine in the present
study is unclear. Since the brain is isolated from the periphery by the blood-brain barrier that
blocks migration of small compounds into the brain, the amount of chloroquine that had
reached to the brain in the present study may not have been sufficient to display a complete
inhibition of the cyst removal. Another possibility would be that phagocytes utilize multiple
mechanisms to eliminate 7. gondii cysts, and that the presence of other mechanisms may
have allowed phagocytes to remove the cysts in the presence of chloroquine, although the
efficiency of their anti-cyst activity partially decreased in this condition.

Macrophages activated by IFN-y in vitro control tachyzoites not only by NOS2 [1] but also
by inducing a destruction of parasitophorous vacuoles by accumulation of the immunity-
related GTPases and guanylate-binding proteins [16, 24, 7]. Both of these processes do not
employ lysosomal acidification, and therefore differ from the observations in the present
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study. This difference could reflect, at least in part, the aggressive capability of tachyzoites
to penetrate into host cells. When tachyzoites egress from host cells after intracellular
proliferation, they quickly invade into adjacent host cells by secreting molecules from
specialized organelles, such as micronames and rhoptories, and form parasitophorous
vacuoles in which the invaded parasite proliferates. In contrast, when phagocytes penetrate
into the 7. gondii cysts after perforin-mediated attack of cyst-containing cells by CD8*
immune T cells, bradyzoites located within the cysts are probably not ready to invade into
these phagocytes. Therefore, the invaded phagocytes readily phagocytose the bradyzoites
and destroy them by formation of phagolysosomes. Another possibility may be that
phagocytes activated /n vivowith 7. gondii infection kill the parasite by utilizing a different
mechanism(s) from those employed by the /n vitro activated macrophages, since a previous
study showed that macrophages from mice infected with an attenuated strain of 7. gondii kill
tachyzoites through a mechanism involving lysosomal fusion [6]. The inhibitory effects of
chloroquine observed in the present study was only partial as mentioned earlier, and
therefore further studies are needed to elucidate the detailed mechanisms of the T cell-
initiated immune process to remove 7. gondii cysts. However, the results from the present
study depicted intriguing variations in the protective immune mechanisms, including NOS2,
depending on the stages, the tachyzoite and the cyst, of 7. gondii within the same host.
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Figure 1.

NOS2-mediated innate immunity is important for inhibiting formation of 7. gondii cysts in
the brain. RAG1 ™/~ and RAG1/"NOS2~/~ mice were infected with 20 cysts of the ME49
strain perorally and treated with sulfadiazine beginning at 9 days after infection to establish
a chronic infection in their brains. At 3 or 4 weeks after infection, numbers of 7. gondii cysts
(A) and the amounts of bradyzoite-specific BAG1 mRNA (B) and NOS2 (C) in their brains
were measured. All data represent mean £ SEM. The data from two independent studies
were combined. In total, there were 12 mice in each experimental group for cyst counting
and 10 mice in each experimental group for quantification of mMRNA for BAG1 and NOS2.
*pP<0.05 and ***<0.001.
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Figure 2.

NOS2 is not required for the CD8* T cell-initiated immune process to remove 7. gondii
cysts from the brain. RAG1~/~ and RAG1/"NOS2~/~ mice were infected with 20 cysts of
the MEA49 strain perorally and treated with sulfadiazine beginning at 9 days after infection to
establish a chronic infection in their brains. At 3 weeks after infection, the mice received a
systemic transfer of CD8" immune T cells (3.2 x10° cells) from chronically infected
BALB/c mice (Day 0). As a control, a group of infected RAG1™~ and RAG17"NOS2/~
mice received CD8* normal T cells from uninfected BALB/c mice in the same manner.
Seven days after the T cell transfer (Day 7), numbers of 7. gondii cysts (A) and the amounts
of bradyzoite-specific BAG1 mRNA (B) in their brains were measured. All data represent
mean + SEM. The data from two independent studies were combined. There were 3 or 4
mice in each experimental group in each experiment. *Pc<0.05, **P¢<0.01, and
***Pr<0.001. N.S.: not significant.
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Figure 3.
Chloroquine, the inhibitor of phagosome-lysosome system acidification, partially inhibits

the immune process to remove 7. gondii cysts from the brain. SCID mice were infected with
20 cysts of the ME49 perorally and treated with sulfadiazine beginning at 10 days after
infection to establish a chronic infection in their brains. At 3 weeks after infection, two
groups of the mice received a systemic transfer of CD8* immune T cells (2.4 or 2.5 x106
cells) from chronically infected BALB/c mice. One group was injected intraperitoneally
with 0.6 mg of chloroquine (in 0.2 ml of PBS) daily beginning at one week before receiving
CDS8™ T cells for 2 weeks. Another group of infected SCID mice were injected with PBS
(0.2 ml) in the same manner. Numbers of cysts (A) and amounts of BAG1 mRNA (B) were
measured at 7 days after the T cell transfer (Day 7). Amounts of mRNA for perforin (C) and
granzyme B (D) were also measured at Day 7. All data represent mean + SEM. The data
from two independent studies were combined. There were 6-8 mice in total in each
experimental group. *Pc<0.05, **Pc<0.01, and ***Pc<0.001. N.S.: not significant.
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