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Introduction

Summary

Signal transducer and activator of transcription (STAT) 6 is a molecule
involved in interleukin (IL)-4 and -13 signalling. We investigated the role
of STAT6 signalling in Toxoplasma gondii-infected mice using STAT6-
deficient (STAT6 ") and wild-type (WT) mice. A significantly larger
number of cysts were recovered from the brain in STAT6 '~ than in WT
mice on days 28 and 56 post-infection. CD8" T cells in cerebrospinal fluid
and spleen stimulated with T. gondii antigen produced higher levels of
interferon (IFN)-y in WT than in STAT6 '~ mice. CD8" T-cell function,
estimated by expression of CD25 and cytotoxic activity, was lower in
STAT6™'~ than in WT mice. Transfer of CD8" but not CD4" T cells, puri-
fied from infected WT mice, into STAT6 '~ mice successfully prevented
formation of cysts in the brain. However, transfer of naive CD8" T cells
from WT into STAT6™'~ mice did not show either activation of CD8" T
cells or a decrease in the number of cysts in the brain. Transfer of splenic
adherent cells from WT into STAT6 '~ mice induced activation of CD8"
T cells and decreased the number of cysts in the brain. Expression of
CD86 on splenic dendritic cells and IL-12 p40 production were weaker in
STAT6 '~ than in WT mice after T. gondii infection. These results indi-
cate that STAT6 signalling is important in CD8" T-cell activation, possi-
bly through regulation of antigen-presenting cells, which could suppress
T. gondii infection in the brain.
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mice are unable to control both acute and chronic
toxoplasmosis.>®

Toxoplasma gondii is an intracellular protozoan parasite
that infects humans and other mammals. After peroral
infection, T. gondii affects multiple organs including the
spleen, liver, heart, lung and brain. The ensuing immune
responses eliminate the pathogen from most organs, but
not from the brain, where the parasite persists with develop-
ment of chronic toxoplasmic encephalitis (TE)." This
intracerebral parasite is regulated by interferon-y (IFN-y)-
producing CD4" and CD8" T cells, which are recruited
into the brain.> CD8" T cells are the major lymphocyte
subpopulation involved in the protective immune
response to TE.>* CD8" T cell- or IFN-y-deprived
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In contrast to the important role of IFN-vy, the role of
interleukin-4 (IL-4) in T. gondii infection is still unclear.
Significantly greater acute focal inflammation with tachy-
zoites and a larger number of cysts in the brain were
observed in IL-4-deficient (IL-477) than in wild-type
(WT) mice on days 28 and 56 post-infection (pi). Mortal-
ity was also higher in IL-4~~ mice compared with WT
mice during the late stage of infection. These results indi-
cate that IL-4 is protective against TE by preventing for-
mation of cysts and proliferation of tachyzoites in the
brain.” In contrast, another group reported that IL-47/~
mice were resistant to T. gondii infection, showing a
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higher survival rate than WT mice during the early acute
phases of infection. Pathology in the small intestine was
less severe in IL-4~'" mice although conversely liver
pathology was greater than in WT mice.”

Intracellular signalling mechanisms provide the link
between binding of a cytokine with its receptor and the
effect of the cytokine on cellular function. The janus kinase
(JAK) and signal transducer and activator of transcription
(STAT) family plays a critical role in the signalling of many
cytokine receptors. The IL-4 receptor (IL-4R) is associated
with JAK1-3 and STAT6. STAT6-deficient (STAT6™")
mice are unable to process IL-4R-induced signals.”'® Fur-
thermore, IL-13, which is closely related to IL-4 in biologi-
cal function, shares receptor components and signalling
through the STAT6 pathway with IL-4.""

In this study, the role of STAT6 signalling in cyst for-
mation, TE in the brain and the immune response follow-
ing T. gondii infection was investigated.

Materials and methods

Animals

STAT6™'~ mice were donated by Dr S. Akira (Osaka Uni-
versity, Suita City, Iapan)10 and backcrossed to C57BL/6
(B6) mice at least 10 times. Six-week-old WT B6 mice
were purchased from Clea Japan (Tokyo, Japan). Animals
were housed in polycarbonate cages and fed with a
commercial diet (Funabashi Farm, Chiba, Japan) in the
Shinshu University Animal House. All mice were main-
tained under a 12 :12 hr light/dark cycle (lights on at
9:00 am) at 24 £ 2° and 55 + 10% relative humidity. The
Animal Ethics Committee of Shinshu University approved
all protocols used in this study.

Monoclonal and polyclonal antibodies

Fluorescein isothiocyanate (FITC)-conjugated monoclonal
antibodies (mAbs) against murine CD4 (RM4-5), CD8
(53-6-7), B220 (RA3-6B2), CDI11b (M1/70), CDllc
(HL3), CD25 (7D4), CD44 (IM7), CD62L (MEL-14),
H-2D® (KH95) and IFN-y (XMGI1-2) were purchased
from BD Biosciences (San Jose, CA). Phycoerythrin (PE)-
conjugated mAbs against CD4 (RM4-5), CD8 (53-6-7),
CDllc (HL3), I-A® (25-9-7), CD40 (3/23), CD80 (16-
10A1) and CD86 (GL1) and PE-Cy5-conjugated anti-CD4
(RM4-5) mAb were also purchased from BD Biosciences.
Rat immunoglobulin G (IgG) was purchased from Sigma-
Aldrich (St Louis, MO).

Monoclonal Abs against murine CD4 (GK1-5) and
CD8 (53-6-7) were purified as described previously.'?
Mice were injected intraperitoneally with anti-CD4 and
anti-CD8 mAbs (0-5 mg/week) to deplete CD4" and
CD8" T cells, respectively. Control mice received rat IgG.
Depletion was confirmed by flow cytometric analysis.
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Infection, cyst count and antigen preparation of
T. gondii

An avirulent Fukaya strain and a virulent RH strain of
T. gondii were donated by Dr N. Watanabe (Jikei Medical
School, Tokyo, Japan). The Fukaya strain was maintained
in B6 mice. Brains of infected mice were gently homo-
genized with a tissue homogenizer (UltraTurax; IKA-
WERK, Staufen, Germany). Cysts were enriched by
centrifugation of the homogenate. They were counted
under a microscope in portions of precipitates that were
smeared on cover-slipped glass slides. Mice were orally
inoculated with brain homogenate containing 10 cysts
using a stomach tube with a 1-ml syringe."

Tachyzoites of the RH strain were collected from the
peritoneal cavity of B6 mice injected 4 days previously.
Toxoplasma gondii crude antigen was prepared by sonica-
tion of the tachyzoites followed by centrifugation.'* The
supernatant was stored as T. gondii antigen at —30° until
use.

Histopathological evaluation

Mice were killed on days 14, 28 and 56 pi and their heads
were fixed in 10% neutral buffered formalin solution. The
cranium was then decalcified by immersion in K-CX
(Fujisawa Co., Osaka, Japan) for 16 hr, washed with tap
water for 12 hr and embedded in paraffin. Sections of
5 pm thickness were cut. Serial sections at 500-pum inter-
vals were stained with haematoxylin and eosin. The histo-
pathological changes in the brain were evaluated under a
microscope.?

Collection of cerebrospinal fluid (CSF)

Mice were anaesthetized with an intraperitoneal injection
of pentobarbital sodium (30 mg/kg; Dainippon Sumito-
mo Pharma, Osaka, Japan) and perfused through the
heart with phosphate-buffered saline (PBS) to remove
contaminating intravascular leucocytes. CSF was harvested
by suboccipital puncture as follows."”” The dura mater
above the cisterna magna was exposed and cut. Then, 10—
15 ul of CSF per mouse was aspirated with a micro-
pipette. Total CSF cells were stained with Turk solution
and counted under a microscope. The percentages of
CD4", CD8", B220" and CD11b" cells were determined
by flow cytometric analysis on cells stained with FITC-
conjugated respective mAbs.

Culture of CSF cells and splenocytes

CSF cells (2 x 10* cells/well) in 200 pl or a single sus-
pension of splenocytes (4 x 10° cells/well) in 1 ml of
RPMI-1640 medium containing 10% fetal calf serum
(FCS), penicillin (100 IU/ml), streptomycin (100 pg/ml),
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and amphotericin B (0-25 mg/ml) were incubated with
T. gondii antigen (12 pg/ml) at 37° in a humidified
atmosphere of 5% CO, and 95% air for 48 hr. In
order to block activation of CD4" and/or CD8" T cells
in culture conditions, mAbs against murine CD4
(GK1-5) and/or CD8 (53-6-7) were added to the cul-
ture medium at 5 pg/ml before T. gondii antigen stimu-
lation.'* Supernatants were then collected and stored at
—30° until use.

Flow cytometric analysis

Single nucleated cell suspensions of spleen, CSF and
peripheral blood were stained with fluorescence-labelled
mADbs for 30 min on ice in the dark after lysing erythro-
cytes with ammonium chloride solution. Cell populations
were analysed by FACSCalibur (BD Biosciences).

Determination of cytokines using cytometric bead array
(CBA)

The cytokine concentrations in CSF and culture super-
natants of splenocytes and CSF cells were determined
using a CBA mouse inflammation kit (BD Biosciences)
according to the manufacturer’s instructions.> The con-
centration of IFN-y was also determined using the CBA
Flex set (BD Biosciences). IL-12 p40 was determined
using an OPptEIA enzyme-linked immunosorbent assay
(ELISA) set (BD Biosciences).

Intracellular IFN-y staining

Splenocytes and CSF cells were incubated with T. gondii
antigen for 24 hr as described above. Brefeldin A (10 pg/
ml) was added during the last 4 hr of incubation. Cells
were harvested, and stained with PE-Cy5-labelled anti-
CD4 mAb and PE-labelled anti-CD8 mAb, followed by
fixation with paraformaldehyde. After washing, cells were
permeabilized with saponin and stained with FITC-labelled
anti-IFN-y mAb. Double-stained cells were analysed
by flow cytometric analysis.

Separation and transfer of CD8" T cells, splenic
adherent cells (SACs) and dendritic cells (DCs)

CD8" T cells were purified from splenocytes using a
nylon wool column and magnetic beads. Briefly, 1 x 10°
splenocytes were added to an autoclaved nylon wool col-
umn and incubated at 37° for 1 hr. The non-adherent T
cells were collected by washing the column. Then, CD8"*
T cells were separated by indirect negative selection using
Dynabeads M-450 (Dynal, Oslo, Norway), which bind to
sheep anti-rat IgG after treatment of the cells with anti-
CD4 mAb (GK1-5). The purity of CD8" T cells was
> 95% as determined by flow cytometric analysis. Then,
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5x 10° CD8" T cells were injected into the tail vein of
STAT6 ™'~ mice at the indicated time.

SACs were separated from splenocytes by attachment to
a polystyrene dish. Bone marrow (BM)-derived DCs were
generated as described previously.'® Briefly, BM cells were
harvested from the femur of mice, and cultured at
1 x 10° cells/ml in the presence of 10 ng/ml recombinant
murine  granulocyte—-macrophage  colony-stimulating
factor (GM-CSF; Endogen, Woburn, MA). Every 2 days,
non-adherent cells were discarded and the remaining cells
were fed with fresh medium containing 10 ng/ml GM-
CSE. On day 6, loosely adherent cells were harvested by
gentle pipetting. The purity of the cell population was
determined to be more than 80% CD11c" by flow cyto-
metry. SACs (1 X 10° cellsymouse) and DCs (1 x
10° cells/mouse) were injected into the tail vein of
STAT6™'~ mice before T. gondii infection.

Cytotoxic analysis

Cytotoxic activity of CD8" T cells was analysed as
described previously with some modifications.'” Briefly,
peritoneal macrophages were harvested by lavage from
untreated B6 mice. They were washed three times with
PBS and labelled with PKH67 (Sigma-Aldrich). The cells
were incubated with an optimal concentration of T. gon-
dii antigen in 5% CO, and 95% air at 37° for 1 hr. They
were then washed three times and incubated with purified
CD8" T cells at various effector to target cell (E:T) ratios
at 37° for 3-5 hr. Dead cells were determined by flow
cytometry following labelling with 7-amino-actinomycin
D (7-AAD) (BD Biosciences).

Statistical analysis

Statistical analysis of the data was performed using Stu-
dent’s t-test. A value of P < 0-05 was accepted as indicat-
ing significance.

Results

Histopathological evaluation and cyst burden in the
brain

STAT6™'~ and WT mice were orally infected with 10 cysts
of an avirulent Fukaya strain of T. gondii. Less than 10%
of infected mice died between days 10 and 14 pi. The
number of cysts in the brain was greater in STAT6 '~
than in WT mice on days 28 and 56 pi (Fig. la). Before
day 14 pi, little evident inflammatory change was
observed in the brains of STAT6”~ and WT mice (data
not shown). However, on day 28 pi, cellular infiltrate was
observed in the subarachnoid space and cerebral cortex in
both STAT6™'~ and WT mice (Fig. 1b). It was relatively
mild in STAT6™'~ compared with WT mice, in contrast
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Figure 1. Cyst burden, histopathological findings and immune responses in the brain. (a) Brains were removed on days 28 and 56 pi, and the
number of cysts was counted under a microscope. Data are expressed as mean * standard deviation (SD) (n = 5). Similar results were obtained

from five replicate experiments. (b) Representative photographs of the brain on day 28 post-infection (pi) are shown. Sections were fixed and

stained with haematoxylin and eosin. Arrows indicate cellular infiltration in the subarachnoid space and cerebral cortex. Arrow heads indicate
Toxoplasma gondii cysts. Note that the area of inflammation is wider in wild-type (WT) than in STAT6™'~ mice. (c) Cerebrospinal fluid (CSF)
was obtained from uninfected and infected mice on days 14, 28 and 56 pi. Nucleated cells were stained with Turk solution, and the total number

of cells was counted. (d) Classification of cells in CSF was determined by flow cytometric analysis. Data are expressed as mean £ SD (n = 5).
Similar results were obtained from three replicate experiments. *Significantly different from WT mice (P < 0-05).

to cyst burden. Cysts were not surrounded by inflamma-
tory cells. The number of CSF cells increased after infec-
tion and peaked on day 28 pi, and then decreased in both
STAT6™~ and WT mice (Fig. 1c). The total number of
CSF cells in STAT6 '~ mice was comparable to that in
WT mice. Monocytes and CD4" and CD8* T cells were
present in CSF, and there was no difference in the the
percentage of each population between STAT6 '~ and
WT mice (Fig. 1d).

IFN-y concentration in CSF and in vitro production
by CD8" T cells were reduced in T. gondii-infected
STAT6 ™'~ mice

Inflammatory cytokine levels in CSF were determined on
days 14, 28 and 56 pi. On day 14 pi, no significant differ-
ence was observed in levels of IL-6, IL-10, monocyte
chemotactic protein (MCP)-1, IEN-v, and tumour necro-
sis factor (TNF), which were very low in STAT6™"~ and
WT mice. However, on days 28 and 56 pi, their concen-
trations in CSF were markedly increased, and the IFN-y
level was significantly lower in STAT6'~ than in WT
mice (Fig. 2a). After in vitro cultivation of CSF cells with
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T. gondii antigen, IFN-y production by CD8" but not
CD4" T cells and the percentage of IFN-y-producing cells
in CD8" T cells were greater in WT than in STAT6 '~
mice (Fig. 2b and 2d). Splenocytes recovered on day
28 pi were cultured with T. gondii antigen in vitro. IFN-y
production by CD4" T cells in STAT6™'~ mice was
comparable to that in WT mice. The percentage of IFN-
y-producing CD4" T cells in STAT6™'~ mice was not dif-
ferent from that in WT mice, whereas IFN-y production
by CD8" T cells was significantly lower in STAT6 ™'~ mice
than in WT mice. The percentage of IFN-y-producing
CD8" T cells was also significantly lower in STAT6™'~
mice than in WT mice (Fig. 2c and 2e). These results
indicate that IFN-y production by CD8" T cells, but not
by CD4" T cells, was systemically reduced in T. gondii-
infected STAT6 '~ mice.

Activated CD8" T cells were decreased in STAT6 ™/~
mice

We further investigated CD8" T cell activation and func-
tion during T. gondii infection in STAT6™~ and WT
mice. CD25", CD62L'Y and CD44" CD8' T cells

© 2008 Blackwell Publishing Ltd, Immunology, 127, 187-195



increased in CSF, spleen and peripheral blood
after infection. The percentage of CD25" CD8" and
CD62L°Y CD8" T cells in CD8" T cells was significantly
lower in STAT6™'~ than in WT mice in the CSF and
spleen (Fig. 3a). The percentage of CD25" CD8" T cells
in CD8" T cells peaked on day 10 pi, and was signifi-
cantly lower in STAT6 '~ mice than in WT mice in
peripheral blood (Fig. 3b). In addition, cytotoxic activity
of CD8" T cells in infected mice was significantly lower
in STAT6™" than in WT mice (Fig. 3¢c). The role of
CD8" T cells in protection against T. gondii cyst
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Figure 2. Production of interferon (IFEN)-y by T cells in the cerebro-
spinal fluid (CSF) and spleen. (a) CSF was taken from signal trans-
ducer and activator of transcription (STAT) 6/~ and wild-type
(WT) mice on days 28 and 56 post-infection (pi). Concentrations of
cytokines in CSF were determined using a cytometric bead array
(CBA) kit. IFN-v level was significantly lower in STAT6™'™ as com-
pared with WT mice. Data are mean + standard deviation (SD)
(n = 5). CSF cells (b) and splenocytes (c) were taken from STAT6™'~
and WT mice on day 28 pi, and were incubated with Toxoplasma
gondii antigen. Anti-CD4 and/or anti-CD8 monoclonal antibodies
(mAbs) (5 pg/ml) were added to the culture to block activation of
CD4" and/or CD8" T cells. The IFN-y concentration in culture
supernatants was determined using a CBA kit. Data are mean + SD
(n=5). CSF cells (d) and splenocytes (e) were incubated with
T. gondii antigen, and stained for T-cell markers and IFN-y. Cells
without antigen stimulation were used as a control. Numbers indi-
cate the percentage of IFN-y-producing cells in CD4" and CD8" T
cells. Data are mean = SD (n = 5). Experiments were carried out
three times with similar results. *Significantly different from WT
mice (P < 0-05).
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formation in the brain was then studied. As shown in
Fig. 1¢, infiltration of T cells into the brain started on day
14 pi. Therefore, we injected anti-CD8 mAb on days 14
and 21 pi to deplete CD8" T cells. Injection of the mAb
before day 14 pi induced the death of mice. A signifi-
cantly larger number of cysts formed in the brains of the
anti-CD8 mAb-treated group than in the rat IgG-treated
control group in STAT6™'~ and WT mice, respectively
(Fig. 3d). Depletion of CD4" T cells had little influence
on the number of cysts. No significant difference in num-
ber of cysts was observed between CD8" T cell-depleted
STAT6 '~ and WT mice.
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Figure 3. Activation of CD8" T cells after Toxoplasma gondii infec-
tion. (a) Cerebrospinal fluid (CSF) cells and splenocytes were taken
from mice on day 28 post-infection (pi), and stained with fluores-
cein isothiocyanate (FITC)-anti-CD25, FITC-anti-CD62L, FITC-anti-
CD44 and phycoerythrin (PE)-anti-CD8 monoclonal antibodies
(mAbs) and then analysed by flow cytometry. Numbers indicate the
percentage of CD25" CD8", CD62L°" CD8* and CD44" CD8" T
cells in CD8" T cells in the CSF and spleen. Data are mean + stan-
dard deviation (SD) (n = 4). (b) The percentage of CD25" CD8" T
cells in CD8" T cells in peripheral blood is shown. Data are
mean + SD (n = 5). (c) Purified CD8" T cells and peritoneal macro-
phages labelled with PKH67 were co-cultured at various effector to
target cell (E:T) ratios. Dead cells were determined by flow cyto-
metry after staining with 7-amino-actinomycin D (7-AAD). Data are
mean + SD (n = 4). (d) Toxoplasma gondii-infected mice were intra-
peritoneally injected with 0-5 mg of anti-CD4 mAb, anti-CD8 mAb
or rat immunoglobulin G (IgG) on days 14 and 21 pi. Cysts were
counted on day 28 pi. Data are mean + SD. (n = 5). Experiments
were carried out three times with similar results. *Significantly differ-
ent from WT mice (P < 0-05). tSignificantly different from rat
IgG-treated mice (P < 0-05).
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Transfer of immune CD8" T cells was effective in
reducing cyst number in the brain of STAT6 '~ mice

Activation of CD8" T cells was considered to be impor-
tant for preventing cyst formation in the brain. There-
fore, we transferred CD8" T cells from either infected or
uninfected WT mice into STAT6™'~ mice to determine
the effects of cyst burden in the brain. Transfer of CD8"
T cells but not of CD4" T cells, recovered from infected
WT mice, into STAT6 '~ mice on day 14 pi successfully
decreased the formation of cysts in the brain. The num-
ber of cysts in the brain of WT CD8" T cell-transferred
mice was comparable to that of WT mice without cell
transfer. Transfer of CD8" T cells from infected STAT6™
~ mice showed only a slight reduction in cyst number
(Fig. 4a). The percentage of CD25" CD8" T cells in CSF
CD8" T cells was higher in WT CD8" T cell-transferred
mice than in STAT6~ CD8" T cell-transferred mice
(Fig. 4b). Interestingly, transfer of native WT CD8" T
cells (5 x 10° cells/mouse) into STAT6™'™ mice that were
infected with T. gondii simultaneously resulted in neither
an increase in the percentage of CD25" CD8* T cells in
peripheral blood nor a decrease in the number of cysts
in the brain (Fig. 4c and 4d). These results indicate that
STATG6 signalling in CD8" T cells is not important in
their activation and that activated CD8" T cells predomi-
nantly suppress cyst formation in the brain.
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Activation of CD8" T cells by antigen-presenting cells
(APCs) may be impaired in STAT6™'~ mice

Transfer of SACs from uninfected WT mice into STAT6 ™/~
mice 10 days before infection successfully increased the
percentage of CD25" CD8" T cells in peripheral blood, and
decreased the number of cysts in the brain (Fig. 5a and 5b).
Transfer of SACs from uninfected STAT6™'~
STAT6™~ mice did not change the percentage of
CD25" CD8" T cells in peripheral blood or the number
of cysts in the brain. Transfer of BM-derived DCs from
uninfected WT mice also resulted in a decreased cyst bur-
den in STAT6™~ mice (data not shown). The expression
level of CD86 on splenic DCs after T. gondii infection was
lower in STAT6~ than in WT mice (17-5 + 1-3 versus
21-0 £ 1-1, n = 4, P < 0-05) (Fig. 5¢). The concentration
of IL-12 p40 in serum was significantly lower in STAT6™
~ mice on day 7 pi (Fig. 5d). In addition, SACs from
infected STAT6 '~ mice produced significantly lower
IL-12 p40 than those from WT mice after incubation with
T. gondii antigen (Fig. 5e).

mice into

Discussion

Our current study has demonstrated that STAT6 signal-
ling is important in activation of CD8" T cells, resulting
in a decrease in cyst number in the brain of T. gondii-
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Figure 4. Effects of transfer of CD8" T cells on cyst burden in the brain. (a) Wild-type (WT) CD8" T cells (CD8/WT), WT CD4" T cells (CD4/
WT) and signal transducer and activator of transcription (STAT) 67/~ CD8" T cells (CD8/ST) were purified from infected mice on day 14 post-
infection (pi). Then 5 x 10° of these cells were injected intravenously into STAT6™'~ mice that had been infected 14 days previously. The cyst
burden in the brain was then determined on day 28 pi. (b) The percentage of CD25" CD8" T cells in CD8" T cells in cerebrospinal fluid (CSF)
was determined on day 28 pi. Data are mean + standard deviation (SD) (n = 5). (c) Five million CD8" T cells from uninfected WT mice (naive
CD8/WT) were transferred into STAT6 ™'~ mice which were simultaneously infected with Toxoplasma gondii. The percentage of CD25" CD8* T

cells in CD8" T cells in peripheral blood was determined on day 14 pi. (d) Cysts in the brains of these mice were determined on day 28 pi. Data
are mean = SD (n = 5). Experiments were carried out three times, with similar results. *Significantly different (P < 0-05).
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Figure 5. Effects of transfer of splenic adherent cells (SACs) on CD8" T-cell activation and cyst burden. (a) One million SACs derived from
uninfected wild-type (WT) (SAC/WT) and signal transducer and activator of transcription (STAT) 67/ (SAC/ST) mice were injected into
STAT6™'~ mice. Ten days after injection, mice were infected with Toxoplasma gondii. The percentage of CD25" CD8* T cells in CD8"* T cells in
peripheral blood was determined on day 14 post-infection (pi). *Significantly different (P < 0-05). (b) Cysts in the brains of these mice were
determined on day 28 pi. Data are mean * standard deviation (SD) (n = 5). (c) On day 28 pi, splenocytes were prepared and stained with anti-
CDllc and the indicated monoclonal antibodies (mAbs). CD11c" cells were gated and analysed by flow cytometry. Expression of CD86 was
reduced in STAT6™~ as compared with WT mice. Unstained cells were used as controls. The mean fluorescence intensity (MFI) for expression
of the molecules in STAT6'~ and WT mice were 154 + 23 and 190 + 36 [major histocompatibility complex (MHC) class 1], 72 + 10 and 83 + 7
(MHC class II), 21 + 0-3 and 1-9 + 0-1 (CD40), 56 + 3 and 58 + 4 (CD80), and 17 + 1 and 21 £ 1 (CD86), respectively (n = 4). (d) The inter-
leukin (IL)-12 p40 concentration in serum was determined by enzyme-linked immunosorbent assay (ELISA) on days 7 and 14 pi. Data are
mean + SD (n = 5). (e) The IL-12 p40 concentration in culture supernatants of splenocytes was determined by ELISA on day 7 pi. Data are

mean * SD (n = 5). Experiments were carried out three times, with similar results. *Significantly different from WT mice (P < 0-05).

infected mice. CD8" T-cell activation by APCs is possibly
impaired in a STAT6-deficient environment.

Recent in vivo studies have shown that IL-4 is critical
for the development of protective CD8" T-cell memory
responses against tumours and infections with protozoan
parasites such as Leishmania and Plasmodium."® Cytotoxic
T lymphocyte-mediated immune responses against mam-
mary and colon carcinoma were abrogated or did not
develop in the absence of IL-4."” More recently, vaccina-
tion studies demonstrated that the development of CD8"
T cell-mediated protective immune responses against
Leishmania donovani in mice was fully dependent on IL-
4% Studies using parasite-specific T cell receptor-trans-
genic CD8" T cells revealed a critical role of IL-4 in the
generation of memory CD8" T-cell responses against the
liver stages of the rodent malaria parasite Plasmodium yo-
elii.”' In the present study, we also observed that STAT6
signalling was important in CD8" T-cell activation in
T. gondii-infected mice. However, the underlying mecha-
nism of STAT6 signalling in CD8" T-cell activation is still
unclear.

© 2008 Blackwell Publishing Ltd, /mmunology, 127, 187-195

Two possible mechanisms have been considered for the
role of STAT6 signalling in CD8" T-cell responses. One is
that STAT6 signalling might be involved in maturation of
APCs such as DCs, and contribute to CD8" T-cell activa-
tion. DCs are the most potent APCs that can activate T
cells to induce a primary immune response.”> Recently,
IL-4R/IL-13R-associated STAT6 signalling in DC matura-
tion has been well studied and has been shown to have
important roles in IL-12 production and activation marker
expression by DCs.>**° STAT6 signalling is constitutively
activated in primary immature DCs and progressively
declines as the cells differentiate into mature DCs.*® These
results suggest that STAT6 signalling may be important in
DC maturation. Our current results also suggested an
important role of STAT6 signalling in DC maturation and
in CD8" T-cell activation. Expression of an activation
marker, CD86, on spleen DCs was lower in STAT6 '~ than
in WT mice. IL-12 p40 production was lower in STAT6™'~
mice. In addition, activation of CD8" T cells in STAT6 '~
mice was impaired, and was restored after transfer of SACs
or BM-derived DCs from WT mice.

193



D. Jin et al.

Another possible mechanism is that STAT6 may
directly influence CD8" T cells. As reported by Marsland
et al., CD8" T cells possess the IL-4 receptor, and STAT6
signalling in these cells is stimulated by IL-4*” In our
experiments, STAT6 '~ CD8" T cells were activated by
transfer of WT SACs into STAT6™'~ mice. However, naive
WT CD8" T cells transferred into STAT6™'~ mice were
not activated. These results indicate that STAT6 signalling
not in CD8" T cells but in APCs is important in the acti-
vation of CD8" T cells in T. gondii-infected mice.

Our results agree with those previous reported by Suzuki
et al.” They demonstrated that cyst number in the brain
was greater in IL-4~'~ mice than in WT mice in the chronic
stage of infection. Their results also showed that IFN-y pro-
duction by splenocytes from IL-4~'~ mice was comparable
to that in WT mice in spite of the expected up-regulation
of T helper type 1 (Th1) responses in IL-4~'~ mice. How-
ever, they did not report IFN-y production by CD8" T
cells. Mortality was significantly higher, with more severe
TE and heavier cyst burden in IL-4~"~ than in WT mice. In
contrast, Roberts et al. reported that IL-47~ mice showed
significantly higher mortality, with less severe TE and
decreased cyst burden compared with WT (129/Sv x B6)F2
mice.”® The same group reported that IL-4~'~ mice on a B6
background showed a higher survival rate in spite of a hea-
vier cyst burden and more severe histopathological changes
in the liver than WT mice.® Brain inflammatory responses
were less severe in STAT6™'~ mice than in WT mice, with a
similar mortality rate to that in our study. Taken together,
these findings suggest that the virulence of the T. gondii
strain and the susceptibility of the mouse strain might
influence mortality and pathology. Reciprocal effects of
IL-4 on the production of IFN-y might also be involved in
this discrepancy.

CD8" T cells, once activated, functioned also in
STAT6™'~ mice, because transfer of CD8" T cells recov-
ered from infected WT mice into STAT6 '~ mice on day
14 pi resulted in a decrease in the number of cysts in the
brain, whereas transfer of CD8" T cells from uninfected
WT mice did not show any effect on the formation of
cysts in the brain. These results imply that CD8" T cells,
once activated in infected WT mice, regulate the forma-
tion of cysts in the brain. Activation of CD8" T cells is
important in the acute phase of T. gondii infection.>*
Therefore, STAT6'~ mice were considered to be less
resistant than WT mice in the acute phase. Surprisingly,
anti-CD8 mAb treatment on days 14 and 21 pi resulted
in a similar cyst burden in the brain in STAT6™'~ and
WT mice on day 28 pi, indicating the possibility of no
difference in parasite burden in the brain on day 14 pi.
This needs to be further clarified.

Our results clearly demonstrate that STAT6 signalling is
important in CD8" T-cell activation, possibly through
regulation of APCs, which could suppress T. gondii infec-
tion in the brain.
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