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Abstract Toxoplasma gondii Hsp70, T gondii Hsp30/bag1, and surface antigen 1 messenger RNAs were shown to be
useful in analyzing stage conversion of T gondii between bradyzoites and tachyzoites. The high-level expression of T
gondii Hsp70 was correlated with mortality in interferon-g knockout mice infected with T gondii. T gondii Hsp70 inhibited
the induction of nitric oxide release by peritoneal macrophages of T gondii-infected mice. These findings identify T
gondii Hsp70 as a danger signal during lethal, acute T gondii infection.

INTRODUCTION

In intermediate hosts, Toxoplasma gondii exists in 2 forms,
the proliferative tachyzoite, responsible for the dissemi-
nation of infection during the acute phase of disease, and
the bradyzoite, which forms dormant tissue cysts. The
unique ability of T gondii bradyzoites and tachyzoites to
interconvert is clinically important, because it is consid-
ered to be the underlying cause of toxoplasmic inflam-
mation, such as encephalitis, chorioretinitis, and lymph-
adenitis, in immunocompromised hosts.

Immunity to T gondii is strictly dependent on interfer-
on-g (IFN-g) production by CD81 T lymphocytes and nat-
ural killer and CD41 T cells (Khan et al 1991; Gazzinelli
et al 1992; Denkers et al 1993; Hunter et al 1995). It has
been shown that IFN-g seems to be a major mediator of
resistance against T gondii infection (Deckert-Schluter et
al 1996; Scharton-Kersten et al 1998) and also plays a role
in interconversion of T gondii between bradyzoites and
tachyzoites (Bohne et al 1993, 1994; Gross et al 1997). Very
recently, the gene for Hsp70 of T gondii has been cloned
(Weiss et al 1998; Yano et al 1998; Mun et al 1999). In
addition, it has been shown that T gondii Hsp70 may reg-
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ulate the stage conversion of T gondii, although the roles
of T gondii Hsp70 are still controversial based on the re-
sults of previous studies (Silva et al 1998; Weiss et al
1998). This prompted us to analyze the roles of IFN-g and
T gondii Hsp70 in interconversion of T gondii between bra-
dyzoites and tachyzoites by using IFN-g knockout (IKO)
mice. Mortality of wild type (WT) and IKO mice infected
perorally or intraperitoneally with T gondii was analyzed.
We used the intraperitoneal infection model in these
mice, because it permits collection of a sufficient number
of T gondii for determination of their stage and molecular
and biological characterization of the stage.

MATERIALS AND METHODS

Mice and parasites

Six- to 8-week-old WT BALB/c (B/c) and WT C57BL/6
(B6) mice were purchased (SLC, Hamamatsu, Japan).
Both IKO mice in a B/c background and a B6 background
were used at the ages of 6 to 8 weeks. IKO mice were
genotyped by polymerase chain reaction (PCR) (Tagawa
et al 1997). The avirulent cyst-forming Fukaya strain of T
gondii was prepared as described previously (He et al
1997; Kobayashi et al 1999).

Assay for protective immunity

Mice were intraperitoneally or perorally infected with
200 cysts of T gondii to assess the protective effects of
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IFN-g. Mice were divided into WT B/c and WT B6 mice,
IKO B/c and IKO B6 mice, and IKO B/c and IKO B6 mice
treated with 250 units of recombinant murine (rm) IFN-
g. Survival of the animals was then monitored daily and
cumulative mortality calculated. Twelve mice were used
for each experimental group, and the experiment was re-
peated at least 2 times.

Assay of T gondii intracellular replication and
expression of the messenger RNAs of T gondii Hsp70,
T gondii Hsp30/bag1, and surface antigen 1 in vivo

WT B6, IKO B6, and IKO B6 mice treated with rmIFN-g
were intraperitoneally infected with 200 cysts of T gondii.
On postinfection days 1 through 12, peritoneal exudate
cells (PECs) were harvested by paracentesis and washed
with Hank’s balanced salt solution. After centrifugation
at 1500 3 g for 15 minutes, the pellets were used. The
number of T gondii was determined by quantitative com-
petitive–polymerase chain reaction (QC-PCR) of the sur-
face antigen 1 (SAG1) gene as previously described (Luo
et al 1997; Yamashita et al 1998). In brief, genomic DNA
(1 mg) extracted from the brain tissue of each mouse was
coamplified with a constant amount of competitor DNA
by use of a set of SAG1-specific primers for 36 cycles in
a final volume of 50 mL in a TSR-300 thermal sequencer
(IWAKI Glass Co Ltd, Chiba, Japan). The amplified prod-
ucts were separated by agarose gel electrophoresis and
stained with ethidium bromide. The ratios of the staining
intensities of the amplified target and competitor se-
quences were determined by densitometry (IPLab Gel
densitometer, Signal Analytical Corp, Vienna, VA, USA).
By comparing the ratio obtained to a standard curve, the
T gondii number in the brain was calculated. The expres-
sion of T gondii Hsp70, T gondii Hsp30/bag1 (as a marker
of bradyzoites) (Bohne et al 1995), and SAG1 (as a marker
of tachyzoites) (Burg et al 1988), messenger RNAs
(mRNAs) were investigated by reverse transcription–
polymerase chain reaction (RT-PCR) (Mun et al 1999). As
internal control, glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was used. The expression levels of the
mRNAs of T gondii Hsp70, T gondii Hsp30/bag1, and
SAG1 were calculated from the densities of their RT-PCR
products using the following formula: mRNA expression
index 5 mRNA of T gondii Hsp70, T gondii Hsp30/bag1,
or SAG1) / (mRNA of GAPDH) / (T gondii number).
Three mice were used for each experimental group, and
the experiment was repeated at least 2 times.

Western blot of T gondii Hsp70

The protein expression of T gondii Hsp70 was ascertained
by Western blotting as previously described using mouse
anti-T gondii Hsp70 monoclonal antibody (mAb) (T gondii

NCR A5, IgG1) (Yang et al 1997). In brief, PEC lysates
and rT gondii Hsp70 (10 mg in 10 mL) were dissociated
by boiling in a sodium dodecyl sulfate sample buffer and
run under reducing conditions using 10% sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis (Yano et al
1998; Mun et al 1999). After electrophoresis, separated
proteins were electroblotted onto nitrocellulose mem-
brane (NitroBind MSI, Westboro, MA, USA) as previously
described. Blots were blocked with 10% milk in Tris-buff-
er saline (pH 7.6) containing 0.1% Tween 20 (TBST),
probed with anti–T gondii Hsp70 mAb in TBST for 1 h,
incubated with biotinylated rabbit anti-mouse IgG anti-
body (Sigma Biosciences, St Louis, MO, USA) at 1:2000
for 1 hour, and incubated with horseradish peroxidase–
conjugated streptavidin (Sigma) at 1:2000 for 20 minutes.
Protein bands were visualized with an ECL detection sys-
tem (Amersham, Arlington Height, IL, USA) according
to the manufacturer’s specifications. Three mice were
used for each experimental group, and the experiment
was repeated at least 2 times.

Peroral infectivity

It has been reported that cysts or bradyzoites of T gondii
have peroral infectivity, whereas tachyzoites do not
(Gross et al 1996). The peroral infectivity of T gondii in
PECs of the mice was investigated by perorally injecting
T gondii into WT B6 mice (indicator mice) and then mea-
suring antibody formation against SAG1 and measuring
the number of T gondii in brain tissues of indicator mice.
PECs from WT B6, IKO B6, and IKO B6 mice treated in-
traperitoneally with rmIFN-g who were intraperitoneally
infected with cysts of T gondii were perorally injected into
the indicator WT B6 mice. WT, IKO, or IKO mice treated
intraperitoneally with rmIFN-g were intraperitoneally in-
fected with 200 cysts, and PECs were collected by para-
centesis and washed with Hank’s balanced salt solution
from those mice on days, 2, 4, 6, 8, and 10 days after cyst
injection. Mice were fed PECs using a 4-cm-long, 22-
gauge feeding needle with a bulbous end (Biomedical
Needles, Popper and Sons Inc, New York, NY, USA). Sur-
vivors were killed 5 weeks later, and a 1:100 dilution of
serum from each mouse was tested for antibodies to
SAG1 using enzyme-linked immunosorbent assay. The
number of T gondii in the brain from each mouse was
measured using QC-PCR as reported previously (Luo et
al 1997; Yamashita et al 1998; Mun et al 1999). Three mice
were used for each experimental group, and the experi-
ment was repeated at least 2 times.

Determination of nitric oxide in vivo

WT B6, IKO B6, and IKO B6 mice treated with rmIFN-g
were intraperitoneally infected with 200 cysts of T gondii
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Fig 1. IFN-g-dependent resistance to lethal T gondii challenge.
Mice were perorally (A) or intraperitoneally (B) challenged with 200
cysts of T gondii, and survival was monitored. Twelve mice were
used for each experimental group, and the experiment was repeated
at least 2 times. Arrows indicate the date of rmIFN-g treatment of
rmIFN-g-treated IKO mice.

plus phosphate-buffered saline or 200 cysts of T gondii
plus 100 mg of rT gondii Hsp70. At 0, 3, 6, 12, 24, and 48
hours after infection, the ascites of mice were assayed for
nitrite (NO2

2) by the Griess reaction (Langermans et al
1992). Three mice were used for each experimental group,
and the experiment was repeated at least 2 times.

Determination of nitric oxide in vitro

At 3 hours after infection, PECs from mice intraperito-
neally infected with 200 cysts of T gondii were harvested,
and purified peritoneal macrophages were obtained by
adhering to plastic plates. The resulting peritoneal mac-
rophages population was sorted to a purity of .97%. For
further handling, the peritoneal macrophages were cul-
tured at a concentration of 2 3 105 cells per well in RPMI
1640 medium supplemented with 10% fetal calf serum in
a 96-well microtiter plate. Both rmIFN-g and rT gondii
Hsp70 were simultaneously added with peritoneal mac-
rophages and were present in culture medium for the
entire cultivation time of 12 hours. NO2

2 was measured
12 hours after treatment. Three mice were used for each
experimental group, and the experiment was repeated at
least 2 times.

Statistics

The significance of the differences between groups was
determined by Student’s t-test, except for statistical anal-
ysis of the survival experiments, which was performed
using the Kaplan-Meier method. P , 0.05 was considered
significant.

RESULTS

Influence of IFN-g defect on survival of mice infected
with T gondii

We investigated whether IFN-g defect could influence
survival period in the T gondii–infected mice. Sixty-seven
percent of WT B/c mice infected perorally with 200 cysts
of T gondii survived more than 18 days, whereas all WT
B6 mice succumbed within 9 days after infection. There
was a significant difference (P , 0.0001) of susceptibility
between WT B/c and WT B6 mice (Fig 1A). Not only IKO
B/c but also IKO B6 mice succumbed within 9 to 13 days
after peroral infection with 200 cysts (Fig 1A).

Sixty-seven percent of WT B6 mice and resistant WT
B/c mice survived more than 18 days when infected in-
traperitoneally with 200 cysts of T gondii. However, all
IKO B/c and IKO B6 mice died 6 to 7 days after the in-
traperitoneal infection. The treatment of IKO B/c and IKO
B6 mice with rmIFN-g prolonged their survival to 12 and
11 days after infection, respectively. IKO mice treated

with rmIFN-g displayed a modest but nonetheless sig-
nificant prolongation of survival (P , 0.0001) relative to
untreated IKO mice (Fig 1B).

Kinetics of expression of T gondii Hsp70, T gondii
Hsp30/bag1, and SAG1 mRNAs and of the number of T
gondii in PECs of WT mice

To examine the stage conversion of T gondii in vivo, the
kinetics of expression of T gondii Hsp70, T gondii Hsp30/
bag1, and SAG1 mRNAs were investigated (Fig 2A). T
gondii Hsp70 mRNA transcripts were not detected by RT-
PCR in PECs of WT B6 mice even after intraperitoneal
infection with 200 cysts of T gondii. On the other hand,
the level of T gondii Hsp30/bag1 expression per proto-
zoan continued at a high level until 2 days after infection.
The levels of SAG1 expression per protozoan in WT B6
mice increased gradually from 6 to 9 days and disap-
peared rapidly to background level by 10 days after in-
fection. The disappearance of SAG1 mRNA was correlat-
ed with disappearance of T gondii itself from the perito-
neal cavity. The number of T gondii in the peritoneal cav-
ity of WT B6 mice reached a peak 7 days after
intraperitoneally infection, and thereafter the protozoa
decreased and finally disappeared from the peritoneal
cavity 10 days after intraperitoneal infection. These re-
sults show that bradyzoites in the peritoneal cavity of WT
B6 mice quickly began to convert into the tachyzoite stage
2 days after infection.
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Fig 2. Time course of the expression of T gondii Hsp70, T gondii
Hsp30/bag1 and SAG1 mRNAs per protozoan and the number of T
gondii after infection intraperitoneally with 200 cysts of T gondii. The
expression of T gondii Hsp70, T gondii Hsp30/bagl (as a market of
bradyzoites) and SAG1 (as a market of tachyzoites) mRNAs per
protozoan and the number of T gondii were investigated in PECs of
WT (A), IKO (B) and IKO treated with rmIFN-g (C). The results are
expressed as the ratio between the optical density (OD) value of the
RT-PCR product of each molecule and the OD value of the RT-PCR
product of GAPDH, relative to the number of T gondii estimated by
QC-PCR, according to the following formula: (OD of molecule/OD of
GAPDH)/T gondii number 3 10 000. There mice were used for each
experimental group and the experiment was repeated at least 2
times.

Kinetics of expression of T gondii Hsp70, T gondii
Hsp30/bag1, and SAG1 mRNAs and of the number of T
gondii in PECs in IKO mice

To examine whether IFN-g defect could influence stage
conversion in vivo, the kinetics of expression of T gondii
Hsp70, T gondii Hsp30/bag1, and SAG1 mRNAs were
investigated by using the T gondii-infected IKO mice (Fig
2B). The levels of T gondii Hsp30/bag1 mRNA expression
in peritoneal T gondii of IKO B6 mice were drastically
decreased (,0.02 per protozoan) 1 day after infection.
Thereafter, T gondii Hsp30/bag1 mRNA transcripts were
not detected in PECs of IKO B6 mice. The levels of SAG1

expression per protozoan in IKO B6 mice increased grad-
ually from 1 day after infection until death (7 days after
infection). T gondii in PECs of IKO B6 mice infected in-
traperitoneally expressed T gondii Hsp70 mRNA 2 days
before death. These findings about T gondii Hsp70 mRNA
expression suggested that T gondii Hsp70 is a danger sig-
nal in T gondii–infected mice. The number of T gondii in
PECs in IKO B6 mice increased starting 2 days after in-
fection and reached a peak 7 days after infection.

Kinetics of expression of T gondii Hsp70, T gondii
Hsp30/bag1, and SAG1 mRNAs and of the number of T
gondii in PECs in IKO mice treated with rmIFN-g

To study the effects of the treatment of IFN-g in the stage
conversion in vivo, the kinetics of expression of T gondii
Hsp70, T gondii Hsp30/bag1, and SAG1 mRNAs were
investigated by using T gondii-infected IKO mice treated
with rmIFN-g (Fig 2C). Treatment with rmIFN-g pro-
longed the survival of IKO mice infected with 200 cysts.
T gondii Hsp70 was expressed 2 days before death in
PECs in IKO B6 mice treated with rmIFN-g. The expres-
sion of T gondii Hsp30/bag1 mRNA in peritoneal T gondii
of IKO mice treated with rmIFN-g continued until 12
hours and then disappeared until 10 days after infection.
The expression of T gondii Hsp30/bag1 mRNA began to
increase slightly 11 days after infection in IKO mice treat-
ed with rmIFN-g. Additionally, the level of SAG1 expres-
sion per protozoan in IKO B6 mice treated with rmIFN-
g reached a peak at 2 to 4 days and then decreased by 6
days after infection. The levels of SAG1 expression per
protozoan in IKO B6 mice treated with rmIFN-g contin-
ued to be low from 6 days until death. These results in-
dicate that IFN-g down-regulated the expression of the
SAG1 gene in IKO mice. The number of T gondii in the
peritoneal cavities of IKO B6 mice treated with rmIFN-g
began to increase 2 days after infection and reached a
plateau 6 days after infection. Thereafter, the plateau lev-
els of protozoa number were maintained until death (11
days after infection).

Representative RT-PCR data used to assess the mRNA
expression of T gondii Hsp70, T gondii Hsp30/bag1, and
SAG1 and QC-PCR data used for measuring the number
of T gondii in PECs of WT, IKO, and IKO mice treated
with rmIFN-g and infected intraperitoneally with cysts
of T gondii are shown in Figure 3A. T gondii Hsp70 pro-
tein expression was assessed by Western blotting with T
gondii Hsp70–specific mAb (T gondii NCR A5, IgG1) (Fig
3B). The lysates of PECs from 6 days after infection in
IKO B/c mice and 7 days after infection in IKO B6 mice
were positive, whereas the lysates of PECs of both IKO
B/c and IKO B6 mice 1 day after infection were negative.
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Fig 3. The expression of T gondii Hsp70, T gondii Hsp30/bag1 and
SAG1 and the number of T gondii after infection i.p. with 200 cysts
of T gondii. (A) Representative data of RT-PCR to assess the ex-
pression of T gondii Hsp70, T gondii Hsp30/bag1 and SAG1, and
QC-PCR for measuring the number of T gondii in PECs of the mice
infected with cysts of T gondii i.p. Lane 1, day 7 of WT B/c; lane 2,
day 7 of WT B6; lane 3, day 6 of IKO B/c; lane 4, day 7 of IKO B6;
lane 5, day 12 of IKO B/c treated with rmIFN-g lane 6, day 11 of
IKO B6 treated with rmIFN-g. The reaction product was visualized
by electrophoresis using 10 ml of the reaction mixture at 100 V in a

Fig 3. Continued. 1% agarose gel containing ethidium bromide (1
mg/ml). The gels were then examined on a UV light box and pho-
tographed. GAPDH was the positive transcription control. (B) West-
ern blotting with T gondii Hsp70-specific mAb (T gondii NCR A5) of
lysates of PECs infected with T gondii. Lane 1, day 1 of IKO B/c;
lane 2, day 1 of IKO B6; lane 3, day 6 of IKO B/c; lane 4, day 7 of
IKO B6; lane 5, rT gondii Hsp70. Molecular weights of natural T
gondii Hsp70 and rT gondii Hsp70 were 72 kDa and 74 kDa, re-
spectively. Three mice were used for each experimental group and
the experiment was repeated at least 2 times.

Table 1 Peroral infectivity of peritoneal exudate cells (PECs) from wild type (WT) B6 mice, interferon-g knockout (IKO) B6 mice, and
interferon-g knockout B6 mice treated with recombinant murine (rm) interferon-g (IKO 1 rmIFN-g) who were infected with Toxoplasma gondii

Type of mice
Detection method for

peroral infectivity of PECs

Day after intraperitoneal infection

0 2 4 6 8 10

WT Antibody formation (OD)
T gondii number in brain

1.22
2.5 3 105

1.16
1.7 3 105

1.18
1.1 3 105

0.78
5.7 3 102

0.94
4.3 3 102

0.32
ND

IKO Antibody formation (OD)
T gondii number in brain

1.21
2.5 3 105

0.29
ND

0.32
ND

0.36
ND

MDa

MD
MD
MD

IKO 1 rmIFN-g Antibody formation (OD)
T gondii number in brain

1.22
2.5 3 105

1.4
ND

0.9
ND

1.3
8.7 3 101

1.3
2.8 3 105

1.3
2.9 3 105

PECs from WT, IKO, and IKO mice treated with rmIFN-g who were infected intraperitoneally with cysts of T gondii were injected orally
into the indicator mice. Peroral infectivity of PECs was investigated by measuring antibody formation against surface antigen 1 and measuring
the number of T gondii in brain tissues. OD, optical density; ND, nondetectable; MD, mice died.

a Since IKO B6 mice died on day 7 after intraperitoneal infection with cysts, the experiment of peronal infection was not performed.

Peroral infectivity of T gondii from PECs of
infected mice

To define the bradyzoite stage of T gondii in PECs, peroral
infectivity was examined by measuring antibody forma-
tion of the indicator mice perorally infected with PECs.
In addition, to assess the number of T gondii in the brain
quantitatively, QC-PCR was used (Table 1). We detected
peroral infectivity of PECs from WT B6 mice until 8 days
after infection, indicating that T gondii remained as bra-
dyzoites in the PECs of these WT mice until 8 days after
infection. On the other hand, no peroral infectivity was
observed in PECs of IKO B6 mice infected with T gondii
from 2 days after infection. These data show that T gondii
injected intraperitoneally into IKO mice lost peroral in-
fectivity from 2 days after infection. Peroral infectivity of
PECs of IKO B6 mice treated with rmIFN-g remained 10
days after infection when assayed by antibody formation.
However, T gondii in the brain was not detected 2 to 6
days after infection in IKO B6 mice treated with rmIFN-
g. T gondii appeared in the brain starting 6 days after
infection in IKO B6 mice treated with rmIFN-g. In the
groups of IKO mice treated with rmIFN-g, antibody for-
mation was elicited in the mice perorally infected with
PECs containing very low numbers of residual live bra-
dyzoites, although such low numbers of residual live bra-
dyzoites in PECs could hardly be detected by QC-PCR.
These results indicated that the subinoculation method is
useful for detection of low numbers of bradyzoites in
large amount of samples, although the method is not ap-
propriate for a quantitative assay of bradyzoites.

Influence of IFN-g defect and T gondii Hsp70 on nitric
oxide release of peritoneal macrophages of mice
infected with T gondii in vivo

Because our data suggested that expression of T gondii
Hsp70 mRNA might be a danger signal (Fig 2), we ana-
lyzed the inhibitory effect of T gondii Hsp70 on nitric ox-
ide (NO) release of peritoneal macrophages. Activation of
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Fig 4. Influence of IFN-g defect and T gondii Hsp70 on NO release.
Age/sex-matched WT B/C, IKO B/C and IKO B/C treated with rm-
IFN-g were i.p. infected with 200 cysts of T gondii plus PBS (A) or
200 cysts of T gondii plus 100 mg of rT gondii Hsp70 (B). At 0, 3,
6, 12, 24 and 48 h postinfection, the ascites of the mice was assayed
for NO2

2 by the Griess reaction. There mice were used for each
experimental group and the experiment was repeated at least 2
times.

Fig 5. Influence of T gondii HSP70 on NO release. Age/sex-
matched WT B6 (A) and IKO B6 (B) were i.p. infected with 200 cysts
of T gondii. At 3 h P.I., PECs from mice were harvested and highly
purified peritoneal macrophages were obtained by adhering to plas-
tic plates. For further handling, the peritoneal macrophages were
cultured at a concentration of 2 3 105 cells per well in a 96-well
microtiter plates. Recombinant mIFN-g and rT gondii HSP70 were
added simultaneously with peritoneal macrophages and were pre-
sent in culture medium for the entire cultivation time of 12 h. NO2

2

was measured 12 h post treatment by the Griess reaction. The levels
of NO release of non-stimulated peritoneal macrophages from non-
infected WT and IKO B6 mice were 2.2 and 0.8, respectively.
*,P,0.05; **, P ,0.005. Three mice were used for each experimen-
tal group and the experiment was repeated at least 2 times.

peritoneal macrophages was monitored after intraperi-
toneal infection with 200 cysts of T gondii by measure-
ment of NO2

2 in the supernatant of ascites. In WT mice,
peritoneal macrophages produced high levels of NO 30
minutes after intraperitoneal infection with T gondii, and
the level of NO release was maintained thereafter. NO
release by peritoneal macrophages in IKO and IKO mice
treated with rmIFN-g decreased gradually after T gondii
infection, although the level of NO release of peritoneal
macrophages in IKO mice treated with rmIFN-g was
higher than that in IKO mice (Fig 4A).

The effects of T gondii Hsp70 on NO release of perito-
neal macrophages were examined in mice injected intra-
peritoneally with 100 mg of rT gondii Hsp70. NO release
decreased in WT, IKO, and IKO mice treated with rmIFN-
g when rT gondii Hsp70 was intraperitoneally injected
(Fig 4B).

Influence of T gondii Hsp70 on NO release of
peritoneal macrophages of T gondii–infected mice
in vitro

To further determine inhibitory effects of rT gondii Hsp70
on NO release of peritoneal macrophages in vitro, peri-
toneal macrophages from T gondii-infected mice were
treated with rT gondii Hsp70, rmIFN-g, or rT gondii
Hsp70 plus rmIFN-g, and NO release of peritoneal mac-

rophages was monitored 12 hours after treatment. In both
WT (Fig 5A) and IKO (Fig 5B) mice, peritoneal macro-
phages treated with rmIFN-g released significant
amounts of NO2

2 after incubation for 12 hours (P , 0.05).
In contrast, NO release from peritoneal macrophages de-
creased by treatment of 10 mg/mL of rT gondii Hsp70.
The stimulatory effect of rmIFN-g was inhibited by the
addition of more than 1 mg/mL of rT gondii Hsp70.

DISCUSSION

Hsp70 family members are known to bind peptides, and
the binding motifs have been described previously (Four-
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ie et al 1994). They may play a role in antigen processing
and presentation (Vanbuskirk et al 1989; DeNagel and
Pierce 1992; Manara et al 1993). We demonstrated a po-
tential role of HSC71 in antigen processing and presen-
tation of T gondii–infected melanoma cells to CD41 CTL
(Yang et al 1997).

In this study, we demonstrated that expression of T
gondii Hsp70 was correlated with mortality in IKO mice
(Figs 2 and 3) and that the T gondii Hsp70 molecule func-
tions as a danger signal during lethal, acute T gondii in-
fection. T gondii Hsp70 is toxic and has antagonistic func-
tions against host protective immunity (Mun et al 1999).
After T gondii infection, T gondii Hsp70 was not expressed
in WT B6 mice who survived (Fig 2A). However, when
WT mice were lethally infected with 1000 cysts of T gon-
dii, T gondii Hsp70 mRNA was expressed in PECs 1 to 2
days before death (data not shown). Silva et al (1998) ex-
amined T gondii Hsp70 expression by using Leishmania
Hsp70 polyclonal antibody cross-reactive with T gondii
Hsp70 and showed high levels of expression of Hsp70
during a short period of conversion from bradyzoites to
tachyzoites. Weiss et al (1998) analyzed T gondii Hsp70
expression with an anti-human Hsp70 mAb (C92F3A–5)
cross-reactive with T gondii Hsp70 and showed that bra-
dyzoite induction is associated with increased T gondii
Hsp70 levels. Because Hsp70 is well known to be one of
the most conserved proteins in all organisms and a major
immunogen in infections, T gondii Hsp70 induces anti-
bodies cross-reactive with self Hsp70 antibodies (unpub-
lished data, Chen and Yano, in preparation). In the pre-
sent study, we used T gondii Hsp70–specific mAb (T gon-
dii NCR A5), which is non–cross-reactive with mouse
Hsp70 in Western blotting analysis (Fig 3B). We also used
T gondii Hsp70–specific primers, which do not cross-am-
plify mouse Hsp70 in RT-PCR.

One of the roles of T gondii Hsp70 as a danger signal
is inhibiting NO synthesis in T gondii-infected mice. In
the group of IKO mice treated with rmIFN-g, T gondii
Hsp70 expression was delayed. In addition, IKO mice
treated with rmIFN-g survived longer compared with
nontreated IKO mice, and the mice died 1 day after T
gondii Hsp70 expression (Fig 2C). We demonstrated that
decreased NO release in T gondii-infected IKO mice was
correlated with increased T gondii replication and de-
creased cyst formation. Bohne et al (1994) reported that
the inhibitory effect of IFN-g on replication of T gondii
was accompanied by the induction of bradyzoite-specific
antigens in IFN-g–stimulated mouse peritoneal macro-
phage cell cultures. Gross et al (1997) reported that IFN-
g–mediated NO formation prevents overgrowth of tachy-
zoites, induces stage differentiation from tachyzoites to
bradyzoites, and stabilizes the cyst stage by the inhibition
of the mitochondrial respiratory chain in an in vitro sys-
tem. These findings suggested that T gondii Hsp70 may

play a role as a danger signal by inhibiting the induction
of NO in T gondii infection. In this study, the effect of
IFN-g on the stage conversion of T gondii inoculated into
mice was investigated in the peritoneal cavity. Because
there is no evidence of IFN-g receptor expression in T
gondii, IFN-g down-regulated indirectly the expression of
T gondii Hsp70. The fine analysis of IFN-g–mediated
down-regulation of T gondii Hsp70 remains to be an-
swered.

Recently, Chen et al (1999) reported that human Hsp60
served as a danger signal to the innate immune system
and chronic TH1-dependent tissue inflammation. They
demonstrated that human Hsp60 directly induced nitrite
production and cytokine synthesis in macrophages. Fur-
ther molecular analysis in the differential regulation of
nitrite synthesis by human Hsp60 and T gondii Hsp70
needs to be performed.

Genetic control of susceptibility and resistance of mice
infected with the avirulent strain Fukaya has been ana-
lyzed previously (Luo et al 1997; Mun et al 1999), and
WT B6 mice were shown to be susceptible to peroral in-
fection with cysts of the Fukaya strain. However, WT B6
strain was resistant to intraperitoneal infection with a
high dose of Fukaya cysts. On the other hand, B/c mice
in which the IFN-g gene had been destroyed lost their
resistant against intraperitoneal infection of the Fukaya
strain. This result clearly indicates that IFN-g is an essen-
tial component of intraperitoneal immunity to T gondii
infection in WT B/c mice. As noted above, WT B6 mice
were susceptible to peroral infection with Fukaya cysts,
although high levels of IFN-g production have been
shown in WT B6 mice (Luo et al 1996; He et al 1997).
Furthermore, injection of a high dose of rmIFN-g did not
provide the protective immunity to WT B6 mice (Luo et
al 1996). This suggests that IFN-g alone is essential but
not sufficient for protective immunity against peroral in-
fection of T gondii in WT B6 mice and further that factors
other than IFN-g or T gondii Hsp70 may affect the out-
come of the T gondii infection in mice regardless of IFN-g.
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