International Immunology Advance Access published August 30, 2006

© The Japanese Society for Immunology. 2006. All rights reserved.
For permissions, please e-mail: journals.permissions@oxfordjournals.org

International Immunology 2006; 1 of 11
doi: 10.1093/intimm/dxI08 1

Anaphylactic reaction induced by Toxoplasma
gondii-derived heat shock protein 70

Hao Fang', Fumie Aosai', Hye-Seong Mun', Kazumi Norose', Azza Kamal Ahmed’,
Mitsuko Furuya? and Akihiko Yano'

"Department of Infection and Host Defense and “Department of Molecular Pathology, Graduate School of Medicine,
Chiba University, 1-8-1 Inohana, Chuo-ku, Chiba 260-8670, Japan

Keywords: anaphylactic reaction, heat shock protein 70, IFN-y, platelet-activating factor, Toxoplasma gondii

Abstract

Toxoplasma gondii-derived heat shock protein 70 (T.9.HSP70) is a virulent molecule specific for
tachyzoites of T. gondii. The expression of T.g.HSP70 rapidly increases just before death of the host,
indicating that T.g.HSP70 functions as a danger signal during lethal acute T. gondii infection. In the
present study, T.g.HSP70 was proven to be capable of inducing lethal anaphylactic reaction in

T. gondii-infected wild-type (WT) mice. Anaphylactic reaction appeared within the first hour after
intraperitoneal injection of T.g.HSP70 and was characterized by a series of consequent symptoms
until death. T.g.HSP70-induced anaphylactic reaction was not observed in IFN-y knockout (GKO)
mice, indicating the involvement of IFN-y in the reaction. The anaphylactic reaction was transferable
to GKO mice by splenocytes but not serum from infected WT mice. Also, this reaction occurred in
B cell-deficient mice, indicating that T.g.HSP70-induced anaphylactic reaction occurred through an
lg-independent pathway. The messenger RNA (mRNA) expression of IFN-y increased significantly in

splenocytes from T. gondii-infected WT mice after T.g.HSP70 injection. Furthermore, the mRNA
expression of platelet-activating factor (PAF) acetylhydrolase in WT, but not GKO mice, distinctly
increased during the occurrence of T.g.HSP70-induced anaphylactic reaction, indicating the
involvement of PAF in T.g.HSP70-induced anaphylactic reaction. Treatment with PAF receptor
antagonist rescued WT mice from the anaphylactic reaction. These data demonstrated the
involvement of IFN-y-dependent PAF activation in T.g.HSP70-induced anaphylactic reaction.

Introduction

Toxoplasma gondii is one of the obligate intracellular para-
sites. In intermediate hosts such as humans and mice,
perorally (p.o.) infected encysted T. gondii bradyzoites under-
go stage conversion to rapidly dividing tachyzoites that are
responsible for acute toxoplasmosis (1). The expression
of T gondii-derived heat shock protein 70 (T.g.HSP70) in-
creased rapidly just before the death of T. gondiiinfected
host, indicating that 7.g.HSP70 functioned as a danger signal
during lethal, acute T. gondii infection (1, 2). T.g.HSP70 was
shown to cause deterioration of the host defense by down-
regulating nitric oxide (NO) release by peritoneal macro-
phages (2, 3), producing anti-HSP70 autoantibody from
Vyu1-dy1 B1 cells (4, 5) and polarization from Tp1 to T,2
immune responses in T. gondii-infected host (6). Furthermore,
T.g.HSP70 is capable of activating B cells and dendritic cells
(7-9). Thus, T.g.HSP70 has been revealed to be a key

molecule in the modulation of host immune responses in
T. gondii infection (1-10).

Anaphylaxis is an acute, life-threatening allergic reaction in
which a physiologic process that normally acts in a local and
limited manner to protect against infection occurs massively
and systemically. Although it is classically mediated by his-
tamine released in response to antigen cross-linking of IgE
bound to FceRI on mast cells, both human and rodent studies
indicate that this classical pathway does not account for all
anaphylactic responses (11-16). In particular, several rodent
studies suggest that a pathway involving IgG, FcyRlll, granulo-
cytes, macrophages and platelets and platelet-activating
factor (PAF) may be more important than the classical path-
way in animals challenged with antigen rather than with anti-
IgE antibody (17, 18). In the PAF-dependent pathway, the
secretion of PAF acts on target cells to increase vascular
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permeability, which causes hemoconcentration and depletes
the intravascular volume. The resulting decrease in vital organ
perfusion is the primary cause of the symptoms that charac-
terized murine anaphylactic reaction (11, 12, 18).

In the present study, we analyzed a lethal anaphylactic
reaction induced by T.g.HSP70 injection in T. gondii-infected
mice. This study demonstrated that 7.g.HSP70-induced ana-
phylactic reaction occurred through IFN-y-dependent PAF
activation, but not by Ig-dependent pathway.

Methods

Mice and T. gondii

Eight-week-old wild-type (WT) BALB/c mice were purchased
from SLC (Hamamatsu, Japan). IFN-y knockout (GKO) mice
with BALB/c background and B cell-deficient (uMT) mice with
C57BL/6 background were bred and maintained under
specific pathogen-free conditions as previously described
(19, 20). GKO mice were a generous gift from Yoichiro lwakura
(Center for Experimental Medicine, Institute of Medical
Science, University of Tokyo, Tokyo, Japan) and uMT mice
were a generous gift from Daisuke Kitamura (Division of
Molecular Biology, Research Institute for Biological Sciences,
Tokyo University of Science, Tokyo, Japan). Mice were used at
the age of 8 weeks. Genomic DNA from GKO mice was
screened by PCR as described (21). Cysts of an avirulent
Fukaya strain of T gondii were prepared as previously
described (2, 3). Mice were p.o. infected with 10 cysts of
Fukaya strain (22, 23).

Induction of anaphylactic reaction by T.g.HSP70

WT, uMT and GKO mice were p.o. infected with 10 cysts of
T. gondii. Recombinant T.g.HSP70 was prepared as previously
described (3). Various doses (10, 30, 100 or 300 pg) of
T.9.HSP70 were intraperitoneally (i.p.) injected into mice at
1 week after T. gondii infection. As controls, recombinant
tachyzoite-specific surface antigen 1 (SAG1) and bradyzoite-
specific T.g.HSP30 were also i.p. injected into T. gondii-
infected WT BALB/c mice (3). Survival of mice was monitored
every hour after injection of T.g.HSP70. Rectal body tempera-
ture of mice was measured by digital thermometer (Shibaura
Electronics, Tokyo, Japan) every 30 min after T.g.HSP70
injection. Peripheral blood samples were collected from tails
of T gondii-infected WT BALB/c mice every 30 min after
injection of T.g.HSP70 and hematocrit (Ht) was measured as
follows. Peripheral blood samples were filled into a microtube
(Modulohm, Herlev, Denmark) and centrifuged at 10 000 X g
for 5 min, and the percentage of the length of RBCs in the
length of whole blood was calculated as Ht (18).

For histopathological examination, organs such as liver,
spleen, lung and kidney from T gondiiinfected and
T.g.HSP70-injected WT BALB/c mice were removed 3 h
post-T.g.HSP70 injection. Organs were fixed in 15% buffered
PFA and 4 um paraffin sections were stained with hematoxylin
and eosin. Organs from naive WT BALB/c mice, T. gondii-
infected WT BALB/c mice without T.g.HSP70 injection and
uninfected WT BALB/c mice with T.g.HSP70 injection were
examined as controls.

Effect of polymyxin B on T.g.HSP70-induced anaphylactic
reaction

T.g.HSP70 (100 pg) and LPS (10 pg) from Escherichia coli
026:B6 (Sigma—-Aldrich, Tokyo, Japan) were pre-incubated
with or without 100 ug of polymyxin B (PMB) (Sigma—Aldrich)
at 37°C for 1 h and then injected to T. gondi-infected WT
BALB/c mice at 7 days post-infection (p.i.). Survival of mice
injected with T.g.HSP70 or LPS with or without treatment of
PMB was checked hourly after injection of T.g.HSP70 or LPS.

Treatment of GKO mice with exogenous recombinant IFN-y

Infected WT or GKO BALB/c mice were i.p. injected with or
without 2 pug of murine recombinant IFN-y (rIFN-y) (Wako,
Tokyo, Japan) in 0.2 ml saline daily from day O to day 7 p.i.
Both rIFN-y-treated and -untreated mice were i.p. injected with
100 pg of Tg.HSP70 at day 7 p.i. The survival of mice was
monitored every hour after injection of T.g.HSP70.

Transfer of serum and splenocytes

Serum or splenocytes were prepared at 7 days p.i. from
T. gondii-infected WT BALB/c mice, and transferred to
naive GKO BALB/c mice. Splenocytes were fractionated by
VarioMACS separator system (Miltenyi Biotec, Auburn, CA,
USA) as follows. CD90* cells were positively purified from
splenocytes of T. gondii-infected WT BALB/c mice with
microbead-conjugated anti-CD90 mAb according to the
company’s instructions. Subsequently, B220* cells were posi-
tively enriched from CD90-depleted splenocytes with
microbead-conjugated anti-CD45R (B220) mAb. Finally,
CD11b™ cells and CD11c™ cells were purified from CD90-
depleted and B220-depleted splenocytes with microbead-
conjugated anti-CD11b™ mAb or anti-CD11c* mAb. CD4*
and CD8" T subsets were also purified from splenocytes
of T gondirinfected WT BALB/c mice with microbead-
conjugated anti-CD4* mAb or anti-CD8" mAb. All microbead-
conjugated mAbs were purchased from Miltenyi Biotec. The
purity of the recovered cells was >93% as analyzed by flow
cytometry (Becton Dickinson, Tokyo, Japan). Each fraction of
cells was washed three times in chilled PBS and i.p.
transferred into GKO BALB/c mice at 1 week p.i. Each fraction
of cells or serum obtained from one WT mouse was transferred
to one GKO mouse.

Reverse transcriptase-PCR

The expression of messenger RNA (mRNA) from peritoneal
exudate cells (PECs) or splenocytes of WT or GKO BALB/c
mice with or without T. gondii infection or T.g.HSP70 injection
was investigated by reverse transcriptase (RT)-PCR as
previously described (24, 25). PCR was carried out with the
following specific IL-4 (26), IL-10 (27), IL-6 (26), IFN-y (26),
IL-12 p40 (28), tumor necrosis factor (TNF)-a (26), platelet-
activating factor acetylhydrolase (PAF-AH) (29) and platelet-
activating factor receptor (PAF-R) (29) primers: mouse IL-4
sense (5'-ATG GGT CTC AAC CCC CAG CTA GT-3’) and anti-
sense (5’-GCT CTT TAG GCT TTC CAG GAA GTC-3'), mouse
IL-10 sense (5'-CGG GAA GAC AAT AAC TG-3') and anti-
sense (5'-CAT TTC CGA TAA GGC TTG G-3'), mouse IL-6
sense (5'-ATG AAG TTC CTC TCT GCA AGA GAC T-3') and



anti-sense (5’-CAC TAG GTT TGC CGA GTA GAT CTC-3’),
mouse IFN-y sense (5’-TGA ACG CTA CAC ACT GCA TCT
TGG-3') and anti-sense (5'-CGACTC CTTTTC CGC TTC CTG
AG-3"), mouse IL-12 p40 sense (5'-CGT GCT CAT GGC TGG
TGC AAA G-3') and anti-sense (5'-GAT GAA GAA GCT GGT
GCT G-3'), mouse TNF-a sense (5'-ATG AGC ACA GAA AGC
ATG ATC CGC-3') and anti-sense (5’-CCA AAG TAG ACC
TGC CCG GAC TC-3’), mouse PAF-AH sense (5'-CCT GCA
AGC TGG AAT TCT CC-3') and anti-sense (5’-CCC ATT AGA
TGC CAA GCC AA-3'), PAF-R sense (5'-CAA CGA GGG CGA
CTG GAT T-3') and anti-sense (5’-GAC ACC CAA AAA GGC
CAC ACT-3’). Glyceraldehyde-3-phosphate dehydrogenase
was used for internal control.

Platelet counting

Peripheral blood was obtained from the tail of T. gondifi
infected WT BALB/c mice at 3 h after T.g.HSP70 injection.
Smears of peripheral blood were stained using the Giemsa
method, and platelet numbers were counted under a micro-
scope at xX200. Data were shown as the ratio of platelet
number to 1000 RBCs (PLT: 1000 RBC) according to the Fonio
method (30).

Effects of PAF-R antagonist against T.9.HSP70-induced
anaphylactic reaction

One hundred, 50 or 25 pg of PAF-R antagonist CV6209 (Wako)
was i.p. administered to T. gondii-infected WT BALB/c mice at
10 min before injection of 100 pg of T.g.HSP70. Survival of
mice injected with CV6209 or PBS was checked every hour
post injection of T.g.HSP70.

Statistics

The significance of differences between groups was deter-
mined by Student’s t-test. Statistically significant differences
were reported at P < 0.05.

Results

Induction of anaphylactic reaction in WT mice by
T.9.HSP70

Anaphylactic reaction by i.p. administering T.g.HSP70 was
induced in T. gondii-infected but not in uninfected WT BALB/c
mice (Fig. 1A). Anaphylactic reaction was not observed in
T. gondi-infected mice without administration of 7.g.HSP70
(Fig. 1A). T.g.HSP70-induced anaphylactic reaction was simi-
larly observed in T. gondii-infected WT C57BL/6 mice (data
not shown). The effect of T.g.HSP70 to induce anaphylactic
reaction was dose dependent (Fig. 1B). A dose of 100 pug
T.9.HSP70 was used for the following experiments. Neither
SAG1 nor T.g.HSP30 induced anaphylactic reaction in
T. gondii-infected WT mice, indicating that the reaction was
T.9.HSP70 specific (Fig. 1C). The reaction appeared within the
first hour after T.g.HSP70 injection and was characterized by
staggering, ruffling fur, crawling and prostration and seizure
and convulsion. The mice died within 3 h. As indices of
anaphylactic reaction, rectal body temperature and Ht were
measured after the i.p. challenge of T.g.HSP70. Rectal body
temperature gradually declined from 37.5 to 31.3°C while AHt
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Fig. 1. TgHSP70-induced anaphylactic reaction in Toxoplasma
gondii-infected mice. (A) T.g.HSP70 (100 ng) was injected to uninfected
(squares) or T. gondii-infected (circles) WT BALB/c mice at 7 days p.i.
with 10 cysts of Fukaya strain. Uninfected (diamonds) or T. gondii-
infected (triangles) WT BALB/c mice without injection of T.g.HSP70
were used as controls. Survival of mice was checked every hour after
injection of T.g.HSP70. (B) Various doses of T.g.HSP70 (300, 100, 30
or 10 pg) were i.p. injected to WT BALB/c mice at 7 days p.i. Survival
of mice was checked every hour after 300 pg (crosses), 100 ug (circles),
30 ug (triangles), 10 pg (squares) of T.g.HSP70 or PBS (diamonds)
injection. (C) To clarify the specificity of T.g.HSP70-induced anaphyl-
actic reaction (circles), 300 pg of SAG1 (diamonds) or T.g.HSP30
(triangles) was injected to T. gondi-infected WT BALB/c mice at 7 days
p.i. Survival of mice was checked every hour after injection of SAGT,
T.9.HSP30 or T.g.HSP70. Three to four mice were used in each experi-
mental group. Data are representative of three separate experiments.

increased from O to 27% after the challenge of T.g.HSP70
injection until death (Fig. 2A). The most prominent histopatho-
logical changes were necrosis and diffuse parenchymal
degeneration in the liver of T. gondiiinfected and T.g.HSP70-
injected mice (Fig. 2B, d). Moderate lymphofollicular hyper-
plasia and inflammatory cell infiltration in red pulp were also
observed in the spleen (data not shown). Inflammatory cell
infiltration in perivascular area was seen in T. gondii-infected
mice (Fig. 2B, b and d). Apparent histopathological changes
were not found in uninfected and T.g.HSP70-injected mice
(Fig. 2B, aand c).
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Fig. 2. Clinical indices and histopathological changes in 7.g.HSP70-induced anaphylactic reaction. (A) Body temperature and Ht changes in
T.9.HSP70-induced anaphylactic reaction. T.g.HSP70 (100 ng) was i.p. injected to WT BALB/c mice at 7 days p.i. Rectal body temperature
(squares) and Ht were checked every half hour. AHt (diamonds) was calculated as follows: [(value at post-challenge — value at pre-challenge)/
value at pre-challenge] X 100%. Three mice were used in each experimental group. Data are representative of three separate experiments.
(B) Histopathology of the livers from naive WT BALB/c mice (a), Toxoplasma gondii-infected WT BALB/c mice without T.g.HSP70 injection (b),
uninfected WT BALB/c mice with T.g.HSP70 injection (c), and T. gondii-infected and T.g.HSP70-injected WT BALB/c mice (d) was examined
(hematoxylin and eosin staining, original magnification X40). PV: portal vein; N: necrosis. Bar, 20 pm.

To ascertain that T.g.HSP70-induced anaphylactic reaction
was not due to contamination of the T.g.HSP70 preparation by
endotoxin of E. coli, the inhibition effect of PMB, an LPS-
specific inhibitor that binds to the Lipid A portion of LPS, on
T.g.HSP70- or LPS-induced reaction was examined in WT
BALB/c mice. LPS (10 pg) was chosen according to a dose-
response study of LPS (data not shown). Both 100 pg of
T.g.HSP70 and 10 nug of LPS were pre-incubated with or
without 100 pg of PMB at 37°C for 1 h and then injected to
T. gondii-infected mice. Mice injected with either PMB-treated
or PMB-untreated T.g.HSP70 died within 3 h after injection
(Fig. 3). On the other hand, mice injected with PMB-untreated

LPS died within 3 h after injection, while the mice injected with
PMB-treated LPS survived (Fig. 3). These data indicated that
T.9.HSP70-induced anaphylactic reaction was not caused by
contamination of LPS.

Absence of T.g.HSP70-induced anaphylactic reaction in
GKO mice

As IFN-v is a key molecule of the host defense against T. gondii
infection, GKO mice were also challenged by i.p. injection of
T.g.HSP70 at 7 days p.i. Interestingly, Tg.HSP70 did not in-
duce anaphylactic reaction in GKO mice, indicating that IFN-y
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Fig. 3. Specificity of T.g.HSP70 to induce anaphylactic reaction.
T.g.HSP70 (100 pg) and LPS (10 pg) were pre-incubated with or
without 100 pg of PMB at 37°C for 1 h and then injected to Toxoplasma
gondii-infected WT BALB/c mice. Survival of mice injected with treated
T.g.HSP70 (closed diamonds), treated LPS (open diamonds), un-
treated T.9.HSP70 (closed squares) or untreated LPS (open squares)
was checked every hour after T.g.HSP70 or LPS injection. Three mice
were used in each experimental group. Experiments were performed
twice.

was essential for T.g.HSP70-induced anaphylactic reaction.
GKO mice usually die within 10 days after T. gondii infection,
but can be rescued by sulfamethoxazole treatment from day
4 after infection (31, 32). Therefore, we investigated the effect
of sulfamethoxazole treatment on T.g.HSP70-induced ana-
phylactic reaction in both WT and GKO mice. Obviously,
T.g.HSP70 did not induce anaphylactic reaction in GKO
mice untreated or treated with sulfamethoxazole, while
T.g.HSP70 induced anaphylactic reaction in WT mice un-
treated or treated with sulfamethoxazole within 3 h (Fig. 4A).
Thus, sulfamethoxazole treatment did not rescue WT mice
from lethal T.g.HSP70-induced anaphylactic reaction.

To ascertain the involvement of IFN-y in T.g.HSP70-induced
anaphylactic reaction, T. gondii-infected GKO BALB/c mice
were i.p. administered with 2 pg of murine rlIFN-y daily from
day O to day 7 p.i. The amount of rIFN-y used was comparable
to the level of IFN-y in WT mice infected with T. gondii (33).
Both rIFN-y-treated and -untreated mice were i.p. injected with
100 ng of Tg.HSP70 at day 7 p.i. GKO mice substituted with
rIFN-y died within 9 h after injection of T.g.HSP70, while the
mice without rIFN-y treatment survived (Fig. 4B). Thus, the
requirement of IFN-y in T.g.HSP70-induced anaphylactic
reaction was confirmed.

T.9.HSP70-induced anaphylactic reaction can be
transferred by splenocytes from WT mice

In order to analyze the effectors participating in 7.g.HSP70-
induced anaphylactic reaction, we i.p. transferred spleno-
cytes, PECs or serum at 7 days p.i. from T. gondii-infected WT
mice to naive GKO mice, which were then i.p. injected with
T.g.HSP70 at 2 days after the transfer. Lethal anaphylactic
reaction was observed in GKO mice transferred with 1 x 108
or 3 x 10" splenocytes from infected WT mice (Fig. 5A).
Similarly, lethal anaphylactic reaction was observed in GKO
mice transferred with 1 X 10® PECs from WT mice (data not
shown). This anaphylactic reaction was not observed in GKO
mice transferred with serum from WT mice (Fig. 5A). These
data indicated that lethal T.g.HSP70-induced anaphylactic
reaction was transferable from cells but not serum from

Anaphylactic reaction by T. gondii-derived HSP70 5

A 100 . . .

—_ —— GKO, Sulfa(+)
d
s —B GKO, Sulfa()
g st —~0— WT, Sulfa(+)
£ -+ WT, Sulfa(-)
)
0 ) 1 1 ]
0 3 6 9 12
Hours post 7.g. HSP70 injection
B 100 A A yAy A
S
= /X~ PBS
=
> 50
= —(O- rIFN-y treatment
5
)
0 1 1 O )
0 3 6 9 12

Hours post T.g. HSP70 injection

Fig. 4. Absence of T.g.HSP70-induced anaphylactic reaction in GKO
mice. (A) WT (open legends) and GKO (closed legends) BALB/c mice
were treated with (diamonds) or without (squares) sulfamethoxazole
from 4 days p.i. as described in Methods. T.g.HSP70 (100 pug) was i.p.
injected to Toxoplasma gondii-infected mice at day 7 p.i., and survival
was checked every hour. (B) Infected GKO BALB/c mice were i.p.
injected with 2 pg of rIFN-y in 0.2 ml saline daily from day O to day 7 p.i.
Both rIFN-y-treated (circles) and -untreated (triangles) mice were i.p.
injected with 100 pg of T.g.HSP70 at day 7 p.i. Survival was checked
every hour after injection of 7.g.HSP70. Three to four mice were used in
each experimental group. Experiments were performed twice.

T. gondii-infected WT mice. Furthermore, the reaction was
also observed in pMT mice, indicating that this anaphyl-
actic reaction occurred through an Ig-independent pathway
(Fig. 5B).

In the next experiment, to analyze the cell types involved in
T.g.HSP70-induced anaphylactic reaction, splenocytes from
T. gondiiinfected WT mice were fractionated into B2207,
CD90*, CD11b* or CD11c* cells and transferred into naive
GKO mice. T cells were sub-fractionated into CD4* and CD8"
subsets, and then T.g.HSP70 was injected at 2 days after the
transfer. All GKO mice transferred with CD11b* cells or CD11c”*
cells died within 24 h, while mice transferred with CD90* died
within 48 h, but none transferred with B220* cells died (Fig. 6).
GKO mice transferred with CD4* or CD8" splenocytes also
died within 48 h (Fig. 6). This proved that CD11b*, CD11c™
and CD90* (CD4* and CD8™"), but not B220", cells function as
effector cells in T.g.HSP70-induced anaphylactic reaction.

It was confirmed that T.g.HSP70-induced anaphylactic
reaction was absent in GKO mice, so we analyzed cytokine
production in WT mice after T.g.HSP70 injection. WT mice
were divided into four groups as described in Methods.
mRNA expressions of IL-4, IL-10, IL-6, IFN-y, IL-12 p40
and TNF-a in PECs and splenocytes of mice were analyzed
by RT-PCR. In PECs, IL-4, IL-6 and IL-10 production, but
not IFN-y, IL-12 p40 or TNF-a production, was detected
by T.g.HSP70 injection alone. On the other hand, significant
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Fig. 5. T.g.HSP70-induced anaphylactic reaction was transferable
with splenocytes but not with serum from Toxoplasma gondii-infected
WT mice to GKO mice. (A) GKO BALB/c mice were transferred with
various numbers of splenocytes or serum from T. gondiiinfected
WT BALB/c mice. T.g.HSP70 (100 pg) was i.p. injected to GKO mice
at 2 days post-transfer. Survival of mice transferred with 1 x 108
(crosses), 3 X 107(circles) and 1 x 107 (triangles) splenocytes or
serum (squares) was checked after injection every 3 h. PBS
(diamonds) was injected as a control. (B) T.g.HSP70 (100 pg) was
i.p. injected to T. gondii-infected GKO (diamonds), uMT (circles) or WT
(triangles) mice at day 7 p.i., and survival was checked every hour.
Three to four mice were used in each experimental group. Data are
representative of three separate experiments.

increase of IFN-y production was found in T. gondi-infected
mice with T.g.HSP70 injection, but not in uninfected mice or
infected mice without injection (Fig. 7A). Similar cytokine
expression was observed in splenocytes from T. gondifi
infected mice (Fig. 7B). These data proved that T.g.HSP70
injection induced remarkable IFN-y production in T. gondii-
infected mice.

Involvement of PAF in T.g.HSP70-induced anaphylactic
reaction

Since it was reported that lethal anaphylactic reaction was
accompanied by disseminated intravascular coagulation, the
involvement of platelet activation in T.g.HSP70-induced
anaphylactic reaction was investigated. Platelet numbers
relative to RBC numbers were counted in mice before and
after T.g.HSP70-induced anaphylactic reaction. The platelet
numbers dramatically decreased after the reaction occurred
(average platelet number was 1/1000 RBC) (P < 0.001),
whereas the numbers slightly decreased after T. gondii
infection (153/1000 RBC) (P < 0.05) compared with those of
uninfected mice (177/1000 RBC) (Fig. 8). These data in-
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Fig. 6. T.9.HSP70-induced anaphylactic reaction in GKO mice trans-
ferred with fractionated splenocytes from Toxoplasma gondii-infected
WT mice. B220*, CD90*, CD4*, CD8", CD11b* or CD11c* splenocytes
from T. gondirinfected WT BALB/c mice were purified using MACS
purification system and transferred to GKO BALB/c mice as described
in Methods. T.g.HSP70 (100 png) was i.p. injected to GKO mice at 2 days
post-transfer of fractionated splenocytes. Survival of mice transferred
with B220* (closed diamonds), CD90* (open triangles), CD4* (closed
triangles), CD8* (open squares), CD11b* (closed squares) or CD11c*
(open circles) was checked hourly after injection of T.g.HSP70. PBS
(open diamonds) was injected as a control. Three to four mice were
used in each experimental group. Data are representative of three
separate experiments.

dicated that platelets were involved in T.g.HSP70-induced
anaphylactic reaction.

The expression of MRNA in splenocytes of mice for PAF-R
and PAF-AH, the enzyme most responsible for degradation of
PAF, was analyzed by RT-PCR. Both WT and GKO mice were
divided into four groups as described in Methods. In WT mice,
the mRNA expression of PAF-AH from group 4 (T. gondii-
infected and T.g.HSP70-injected mice) (P < 0.01) was
significantly increased, while the expression of PAF-AH in
both group 2 (infection alone) (P < 0.05) and group 3 (injection
alone) (P < 0.05) was slightly higher compared with group 1
(uninfected mice) (Fig. 9A and C). The mRNA expression level
of group 4 was significantly higher than those of groups 2 and
3 (Fig. 9A and C). On the other hand, a clear increase was not
observed in any of the groups of GKO mice (Fig. 9A and C).
Thus, a high level of PAF production was observed in the
T.9.HSP70-induced anaphylactic reaction in WT mice, in-
dicating the important role of the IFN-y-dependent PAF
pathway in its induction of T.g.HSP70-induced anaphylactic
reaction. On the other hand, a significant change in the mRNA
expression of PAF-R was not observed in any of the four
groups of both WT and GKO mice (Fig. 9B and D), whereas
differences in the mRNA expression of PAF-R were found
between WT and GKO mice, indicating the role of IFN-y acting
on the expression of PAF-R (P < 0.05) (Fig. 9B and D).

PAF-R antagonist inhibited T.9.HSP70-induced
anaphylactic reaction

To confirm the involvement of PAF in T.g.HSP70-induced
anaphylactic reaction, the PAF-R antagonist CV6209 was i.p.
injected to block the reaction. Different doses of CV6209 were
administered 10 min before 100 pg of T.g.HSP70 injection in
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Fig. 7. Cytokine expression in T.g.HSP70-injected WT mice. Expres-
sions of IL-4, IL-10, IL-6, IFN-vy, IL-12 p40 and TNF-o in PECs (A) and
splenocytes (B) from four experimental groups of WT BALB/c mice
were analyzed by RT-PCR as described in Methods. The four
experimental groups: group 1 without infection, without T.g.HSP70
injection (open bar); group 2 infection, without T.g.HSP70 injection
(striped bar); group 3 without infection, 3 h post-T7.g.HSP70 injection
(dotted bar); group 4 infection, 3 h post-T.g.HSP70 injection (closed
bar). The results are expressed as the ratio between optical density of
the RT-PCR product of each cytokine and that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Three to four mice were used in
each experimental group. Data are representative of three separate
experiments. *P < 0.05, **P < 0.001 compared with the data of group 1.

T. gondii-infected WT mice. Hundred micrograms of CV6209
blocked the anaphylactic reaction and resulted in survival of
the mice. Mice treated with 50 pg of CV6209 survived 6 h
longer than the control group, while mice treated with 25 pg or
without CV6209 died within 3 h (Fig. 10). These results
indicated that PAF-R antagonist dose dependently inhibited
T.g.HSP70-induced anaphylactic reaction in vivo.

Expression of PAF-AH and IFN-y by CD11b*, CD11c?,
CD90* splenocytes from T. gondii-infected and
T.9.HSP70-injected mice

In order to analyze which cell populations produce PAF-AH
and/or IFN-y, expressions of PAF-AH and IFN-y in fractionated
CD11b*, CD11c*, CD90*, CD4* and CD8* splenocytes from
T. gondii-infected and T.g.HSP70-injected WT BALB/c mice
were analyzed by RT-PCR. As controls, expressions of PAF-
AH and IFN-vy in unfractionated splenocytes from either naive
or T. gondiiinfected and T.g.HSP70-injected WT BALB/c
mice were examined. Prominent PAF-AH expressions were
observed in unfractionated and fractionated CD11b*, and
CD11c* splenocytes of T. gondii-infected and T.g.HSP70-
injected WT BALB/c mice compared with those of unfraction-
ated splenocytes of naive mice (P < 0.001) (Fig. 11A). The
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levels of PAF-AH expression in CD90*, CD4* and CD8*
splenocytes from T. gondiiinfected and T.g.HSP70-injected
WT BALB/c mice were not statistically different from those
of naive mice (Fig. 11A). On the other hand, high levels
of IFN-y expression were observed in unfractionated and in
all fractionated splenocytes from T. gondii-infected and
T.9.HSP70-injected WT BALB/c mice compared with unfrac-
tionated splenocytes from naive mice (P < 0.001) (Fig. 11B).
These data indicated the direct CD11b™ and CD11c* and
indirect CD90* cell participation in PAF-AH production in
T. gondiiinfected and T.g.HSP70-injected WT BALB/c mice.

Discussion

It is known that acute infection of T. gondii is associated with
the rapid multiplication of tachyzoites stage converted from
bradyzoites. Previous data revealed that T.g.HSP70 was a
tachyzoite-specific virulent molecule for protective immunity
of the host (1, 3, 10, 25). On the other hand, the extent of tissue
inflammation is often disproportionate to the abundance of
parasites in toxoplasmosis (34). Therefore, we investigated the
molecular-based mechanisms that induce death of the host.
In this study, we demonstrated that 7.g.HSP70, but not other
T. gondii-derived antigens such as SAG1 or T.g.HSP30,
specifically caused lethal anaphylactic reaction in T. gondii-
infected mice. This study is the first to report the induction of
anaphylactic reaction by HSP derived from microorganisms.

Anaphylactic shock has been previously reported in various
parasitic infections (35-37). The larval stages of Echinococcus
granulosus and Echinococcus multilocularis are involved in
cystic echinococcosis (CE) (hydatid disease) and alveolar
echinococcosis (AE), respectively, in humans (35). Anaphyl-
actic reactions, including urticaria, edema, respiratory symp-
toms and anaphylactic shock due to spontaneous or provoked
rupture of the parasitic cyst, are well known in CE. Anaphyl-
actic reactions in AE are observed at the time of metastatic
dissemination of parasitic lesions. Murine models of anaphyl-
axis induced by parasites such as Anisakis simplex, Toxocara
canis and others have been reported (36, 37). All these
anaphylactic shocks related to parasitic infection are IgE-
dependent type | hypersensitivity reaction. In this study,
however, it was clearly shown that the 7.g.HSP70-induced
anaphylactic reaction was caused through an Ig-independent
pathway because it was induced in uMT mice, which are B
cell-deficient mice. Platelet activation and PAF activation were
confirmed during the occurrence of the reaction, indicating
the involvement of PAF in T.g.HSP70-induced anaphylactic
reaction.

It was reported that PAF was synthesized via two dis-
tinct pathways: the de novo and the remodeling path-
ways (38-40). The latter is regulated by extracellular signals,
and plays a critical role in stimulus-coupling PAF biosynth-
esis. In this pathway, the precursor of PAF 1-O-alkyl-sn-
glycero-3-phosphocholine (lyso-PAF), is synthesized from
1-O-alkyl-2-arachidonoyl-sn-glycero-3-phosphocholine and/or
1-O-alk-1-enyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine
by the action of phospholipase A,. Subsequently, lyso-PAF is
acetylated by acetyl coenzyme A: lyso-PAF acetyltransferase
(lyso-PAF acetyltransferase) to form PAF. Another enzyme,
PAF-AH, is regarded as the main enzyme involved in PAF
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Fig. 8. Decreasing peripheral platelets in T.g.HSP70-induced anaphylactic reaction. Peripheral blood was obtained from the tail of mice
uninfected and without T.g.HSP70 injection (A), mice 1 week p.i., without T.g.HSP70 injection (B) and mice 1 week p.i., 3 h after T.g.HSP70 injection
(C). Peripheral blood smears were stained by Giemsa method (magnification, X200) (A-C), and platelet numbers are shown as the ratio of
PLT:1000 RBC (D). Three mice were used in each experimental group. Data are representative of three separate experiments. *P < 0.05, **P <

0.001 compared with the data of uninfected mice.

degradation, and an increase of PAF-AH is considered to be
a natural feedback reaction against PAF synthesis (27, 41).
It has been proved that lyso-PAF acetyltransferase is respon-
sible for enhanced PAF production by the priming effect
of LPS (42). PAF synthesis induced by extracellular signals
has also been reported in mouse peritoneal cells stimulated
by calcium ionophore (43), human eosonophils stimulated
by N-formyl-methionyl-leucyl-phenylalanine (44) and human
mesangial cells and mouse peritoneal macrophages stimu-
lated by LPS (45, 46). In our study, PAF activation was con-
firmed in T.g.HSP70-induced anaphylactic reaction, which
differed from LPS-induced anaphylactic reaction. The reaction
was transferable by CD11b* and CD11c* splenocytes from
T.gondii-infected mice. It might be assumed that T.g.HSP70
induces the synthesis of PAF by these CD11b* and CD11c*
splenocytes.

Han et al. (47) reported that Gram-positive bacteria induce
NO production using a PAF-R signaling pathway to activate
signal transducer and activator of transcription 1 (STAT1) via
Janus kinase 2 (Jak2). Their PAF-R/Jak2/STAT1 signaling
pathway resembled the type [-IFNR/Jak/STAT1 pathway

described for LPS. We previously reported the T.g.HSP70-
induced NO production by peritoneal macrophages via Toll-
like receptor (TLR) 2 and the tolerance in NO production
induced by TLR4 (48). The T.g.HSP70-induced TLR2 signaling
pathway was suppressed by the expression of suppressor of
cytokine-signaling-1 via TLR4 (48). The relation between NO
production and T.g.HSP70-induced anaphylactic reaction is
currently under investigation.

Geffner et al. (49) demonstrated that the treatment of poly-
morphonuclear leukocytes with recombinant human IFN-v,
but not IFN-a or IFN-B, dose dependently enhanced the
production of PAF-acether. In our experiment, it was revealed
that T.g.HSP70 significantly induced IFN-y production and
PAF activation in T. gondi-infected mice. It could be possible
that an over-production of PAF was induced by the IFN-vy-
stimulated CD11b™ and CD11c™ splenocytes in the T.g.HSP70-
induced anaphylactic reaction.

IFN-y is produced by activated T lymphocytes and NK cells
and exerts its biological activity through the binding of IFN-y
receptors. In our experiment, T.g.HSP70-induced anaphylac-
tic reaction was IFN-y dependent. Similarly, Car et al. (50)
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Fig. 9. Involvement of PAF in T.g.HSP70-induced anaphylactic reaction. Expressions of PAF-AH (A, C) and PAF-R (B, D) in splenocytes from WT or
GKO mice of four experimental groups were analyzed by RT-PCR as described in Methods. WT mice are shown in open bars and GKO mice in
closed bars. Four experimental groups: group 1 without infection, without 7.g.HSP70 injection; group 2 infection, without T.g.HSP70 injection; group 3
without infection, 3 h post-T7.g.HSP70 injection; group 4 infection, 3 h post-T.g.HSP70 injection. The results are expressed as the ratio between
the optical density of the RT-PCR product of PAF-AH or PAF-R and that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Three mice were
used in each experimental group. Data are representative of three separate experiments. *P < 0.05, **P < 0.001 compared with the data of group 1.
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Fig. 10. PAF-R antagonist inhibited 7.g.HSP70-induced anaphylactic
reaction. Hundred micrograms (diamonds), 50 ug (squares), or 25 pg
(triangles) of PAF-R antagonist CV6209 was i.p. administered 10 min
before 100 pg of T.g.HSP70 injection. PBS (circles) was injected as
a control. Survival was checked every hour after T.g.HSP70 injection.
Three mice were used in each experimental group. Data are rep-
resentative of three separate experiments.

reported that IFN-y receptor-deficient mice were resistant to
endotoxic shock induced by LPS derived from E. coli. In our
study, the mRNA expression of PAF-R in GKO mice was
lower than that of WT mice. Similarly, Ouellet et al. (51) also
reported that IFN-y up-regulated PAF-R gene expression in
human monocytes by a mechanism suggesting transcriptional
regulation. Thus, IFN-y may act on the expression of PAF-R

during the occurrence of T.g.HSP70-induced anaphylactic
reaction.

By cell transfer experiment, T.g.HSP70-induced anaphyl-
actic reaction was transferred by CD4", CD8", CD11b™ and
CD11c* splenocytes from T. gondii-infected WT mice to naive
GKO mice, withthe CD11b* and CD11c™* splenocytes causing
the reaction earlier than the CD4™ or CD8" splenocytes in the
naive GKO mice. It was revealed that PAF-AH was induced by
CD11b™ and CD11c* cells, but not by CD4* or CD8" cells,
from T. gondirinfected WT BALB/c mice after T.g.HSP70
injection, whereas IFN-y was induced by CD11b*, CD11c",
CD4" and CD8" cells. Therefore, we speculate that IFN-y,
produced by CD4*, CD8*, CD11b™ and CD11c* cells in the
presence of T.g.HSP70, as a consequence induces PAF
production by activating CD11b™ and CD11c¢™ splenocytes of
naive mice. The direct participation of CD11b* and CD11c™
cells and indirect participation of CD90* (CD4" and CD8%)
cells in PAF-AH production might cause the time differences
of the reaction of GKO mice in cell transfer experiments. The
exogenous administration of rIFN-y consistently caused
T.g.HSP70-induced anaphylactic reaction in naive WT BALB/
c mice (Fig. S1, available at International Immunology Online).
The precise effector mechanisms in T.g.HSP70-induced
anaphylactic reaction remained to be further analyzed.

Supplementary data

A supplementary figure is available at International Immunol-
ogy Online.
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Fig. 11. Expression of PAF-AH and IFN-y in fractionated splenocytes.
Expressions of PAF-AH (A) and IFN-y (B) were analyzed by RT-PCR in
unfractionated or fractionated splenocytes from WT BALB/c mice
injected with 100 pg of T.g.HSP70 at 1 week p.i. Splenocytes were
fractionated into CD11b*, CD11c*, CD90*, CD4* and CD8* cells
using the MACS purification system as described in Methods.
Unfractionated splenocytes from naive mice were used as a control.
The results are expressed as the ratio between optical density of the
RT-PCR product of each cytokine and that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Three to four mice were used in
each experimental group. Data are representative of three separate
experiments. *P < 0.001 compared with the data of group 1.
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Abbreviations

AE alveolar echinococcosis

CE cystic echinococcosis

GKO IFN-y knockout

Ht hematocrit

i.p. intraperitoneally

Jak2 Janus kinase 2

lyso-PAF 1-O-alkyl-2-arachidonoyl-sn-glycero-3-

phosphocholine

lyso-PAF acetyl coenzyme A: lyso-PAF acetyltransferase
acetyl-

transferase

mRNA messenger RNA

NO nitric oxide

uMT B cell deficient

PAF platelet-activating factor

PAF-AH platelet-activating factor acetylhydrolase

PAFR platelet-activating factor receptor

PEC peritoneal exudate cell

p.i. post-infection

PMB polymyxin B

p.o. perorally

rIFN-y recombinant IFN-y
RT reverse transcriptase
SAG1 surface antigen 1

STATH signal transducer and activator of transcription 1
T.g.HSP70  Toxoplasma gondii-derived heat shock protein 70
TLR Toll-like receptor

TNF tumor necrosis factor

WT wild type
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Fig S1. T.g.HSP70-induced anaphylactic reaction in rIFN-y-supplemented
WT BALB/c mice. Uninfected WT BALB/c mice were i.p. injected with 10
Mg of rIFN-y in 0.2ml saline daily from day 0 to day 4. Then 100 ug of
T.g.HSP70 was i.p. injected into the mice. Mice without rIFN-y treatment
were used as controls. Survival of rIFN-y treated (circles) and untreated
(triangles) mice was checked every hour after injection of T.g.HSP70.
Three to four mice were used in each experimental group. Data are

representative of three separate experiments.
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Fig S2. Cytokine expression in T.g.HSP70- or LPS- stimulated splenocytes.
Splenocytes from T. gondii-infected WT BALB/c mice were collected 1-
week P.. Then, splenocytes were treated with 10 ug/ml of T.g.HSP70 or 10
Mg/ml of LPS for 3 hours. Expression of IFN-y, TNF-a, and IL-12 p40 in
T.9.HSP70- or LPS-treated splenocytes was analyzed by RT-PCR at 1 hour
(light grey bar), 2 hours (dark grey bar), or 3 hours (black bar) post
treatment. Splenocytes without treatment (white bar) was used as a
control. The results are expressed as the ratio between optical density
(OD) of the RT-PCR product of each cytokine and that of GAPDH. Three to
four mice were used in each experimental group. Data are representative
of three separate experiments. * p <0.001 compared with the data of

control.



