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Dynamic Balance of pSTAT1 and pSTAT3 in C57BL/6 Mice
Infected with Lethal or Nonlethal Plasmodium yoelii

Xibao Shi"?, Li Qin', Guangjie Liu', Siting Zhao', Nanzheng Peng' and Xiaoping Chen"*?

Signal transducer and activator of transcription (STAT) proteins play an important role in cytokine signaling
pathways and regulation of immune responses. The balance of the phosphorylated (activated) STAT1 (pSTAT1)
and STAT3 (pSTAT3) has been documented in cancer immunology. In this study, we investigated the dynamic
balance of pSTAT1 and pSTAT3 in C57BL/6 mice infected with either a nonlethal (Py17XNL) or lethal (Py17XL)
strain of Plasmodium yoelii. Both Py17XNL and Py17XL infections induced a maximum activation of STAT1 and
STAT3 on the first day after parasite inoculation. Additionally, the Pyl17XNL infection induced a pSTAT1-
dominant response in mice during the early stage of infection, with the resolution of parasitemia. In contrast,
Py17XL infection induced a pSTAT3-dominant response during the early phase of infection, with the death of the
animals. Our results indicated that maximum activation of STAT1 and STAT3 occurred much earlier than the peak
levels of cytokines induced by Plasmodium yoelii infection based on previous reports and that infection with
Py17XNL and Py17XL induced different dynamic patterns of pSTAT1 and pSTAT3 balance. Cellular & Molecular
Immunology. 2008;5(5):341-348.
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Introduction

Malaria, which is caused by the mosquito-transmitted
protozoan parasite Plasmodium spp., is one of the major
human infectious diseases and causes 1-3 million deaths per
year (1). At this time, there is no effective vaccine available
to control malaria partially due to the lack of a full
understanding of the immune mechanisms involved in
malaria immunity. Numerous studies have revealed the
importance of the cytokine balance in immune protection
against malaria. A Thl/pro-inflammatory cytokine (IFN-y,
IL-12 and TNF-o) response during the early stage of
infection mediates protective immunity and the resolution of
parasite infection (1-6). The initial pro-inflammatory
response may switch to a predominant anti-inflammatory
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response that is mediated by immunoregulatory cytokines,
such as TGF-B and IL-10 which down-regulate pro-
inflammatory cytokine production to avoid malaria-associated
pathology (7-12). The pro- and anti-inflammatory cytokine
balance is critical in determining the outcome of malaria
infection (12-15).

Signal transducer and activator of transcription (STAT)
proteins are a group of proteins that transmit signals of many
cytokines from the extracellular milieu into the nucleus (16,
17). These proteins locate in the cytoplasm in an inactive
form and are phosphorylated (activated) by the ligand-
activated Janus tyrosine kinases (JAKs) and translocated to
the nucleus. STAT 1, the first known member of STAT family,
is a principal target of both type I and type II interferons
(IFNs). It is critically involved in the initiation of Thl
inflammatory cascade (18-22). Activation of STAT1
promotes the activation of dentritic cells (DCs) (22, 23) and
natural killer (NK) cells (24), and inhibits the development
of regulatory T cells (25, 26). pSTAT3, which has
antagonistic effect on pSTAT1 (27, 28), is not only a potent
negative regulator of the Thl-mediated inflammatory
response, but also an activator of many genes that are crucial
for immune regulation (29, 30). Down-regulation of STAT3
could enhance Thl type immune response and activate DCs,
NK cells and macrophages (31-33). So the balance of
pSTAT1 and pSTAT3, which has been studied in cancer
immunity (31, 34), has an important role in regulation of
immune responses. A higher pSTAT1/pSTAT3 ratio in tumor
cell or in immune cell is associated with longer survival for

Volume 5 Number 5 October 2008



342

tumor patients (26, 31, 35, 36). However, this balance has not
been studied in malaria immunology.

The aims of the present study are to analyze the patterns
of pSTAT1 and pSTAT3 responses in mice during infection
with a nonlethal (Pyl7XNL) or lethal (Py17XL) strain of
Plasmodium yoelii, and test our hypothesis that infections
with Pyl17XNL and Py17XL might induce different dynamic
patterns of pSTAT1 and pSTAT3 balance.

Materials and Methods

Mice, parasites and infection
Female 10- to 12-week-old C57BL/6 mice purchased from
Vitalriver Experiment Animal Limited Company (Beijing,
China) were bred in the Animal Center of Guangzhou
Institute of Biomedicine and Health in accordance with the
Guide to the Care and Use of Laboratory Animal Committee
of the institute. Plasmodium yeolii lethal strain Py17XL was
obtained from Malaria Research and Reference Reagent
Resource Center (MR4, USA), and nonlethal strain
Pyl17XNL was a gift from Dr. Yaming Cao (Department of
Immunology, College of Basic Medical Sciences, China
Medical University). The mice were injected intraperitoneally
with 5 x 10° Py17XL or Pyl7XNL parasitized erythrocytes
(pRBCs) from infected donor mice, and the control mice
were injected with uninfected RBCs (uRBCs). Parasitemia
levels were monitored by examination of Giemsa-stained thin
blood smears prepared from tail blood.

Four mice infected with Py17XL were sacrificed on days
1, 3 and 7 post inoculation respectively; four mice infected
with Py17XNL were sacrificed on days 1, 3, 7, 14, 21 and 28
post inoculation; and four uninfected control mice were
sacrificed at the same time-points as those infected with
Pyl17XNL. Celiac macrophages were obtained by celiac
lavage with cold phosphate-buffered saline (PBS) and frozen
at -80°C immediately for Western blot analysis. Mesenteric
lymph nodes, livers and spleens were excised and either
frozen in liquid nitrogen for Western blot analysis or fixed in
formalin and embedded in paraffin for immunohisto-
chemistry (IHC) analysis.

Western blot analysis

To analyze expressions of STAT1, pSTATI, STAT3 and
pSTAT3 in tissues, frozen samples were lysed in ice-cold
lysing buffer (1% Nonidet P-40, 0.1% sodium deoxycholate,
0.1% SDS, 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 2 mM
EDTA, 2 mM Na;VO,, 2 mM NaF and a protease inhibitor
cocktail). The total protein concentration was quantified with
the Bradford Protein Assay (Biocolor Bioscience &
Technology Company, Shanghai). The proteins were separated
on SDS-PAGE gels and transferred to polyvinylidene
difluoride membranes (Millipore Company). Because the
main objective of this study is to describe the dynamics of
these proteins, we tried many times to optimize the sample
concentrations and their incubation conditions. Appropriate
methods were described below: 70 pg spleen extract was
added for detecting pSTAT1/3 and 10 pg for detecting
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Figure 1. The course of infection with lethal (Py17XL) and
nonlethal (Py17XNL) Plasmodium yoelii in CS7BL/6 mice. (A)
Parasitemia levels in C57BL/6 mice infected with 5 x 10° Py17XL
(A) or Pyl17XNL (o) pRBCs. The values shown are mean + SE. (B)
The survival of mice infected with Pyl17XL (A) or Pyl7XNL (A).
(n=10)

STAT1/3; 100 pg liver extract was added for detecting
pSTAT1/3 and 20 pg for detecting STAT1/3; 50 png
mesenteric lymph node extract was added for detecting
pSTAT1/3 and 10 pg for detecting STAT1/3; 40 pg celiac
macrophage extract was added for detecting pSTAT1/3 and
10 pg for detecting STAT1/3. The membranes were blocked
with 5% nonfat dried milk for 1 h. For detecting the
expression of STAT1 and STAT3, the membranes were
incubated for 1 h at room temperature with rabbit anti-mouse
STAT1 (1:1,000) or rabbit anti-mouse STAT3 (1:1,000) or
rabbit anti-mouse [ actin (1:10,000) antibodies. For anti-
phosphotyrosine blots, the membranes were first incubated
for 30 min at room temperature and then incubated overnight
at 4°C with rabbit anti-mouse pSTAT1™7°Y (1:1,000) or
rabbit anti-mouse pSTAT3™7 (1:1,000) antibodies. Sub-
sequently the membranes were incubated with appropriate
secondary antibodies for 1 h. Then the membranes were
treated with ECL detection solutions and exposed to films:
the exposure time was about 10 min for detecting the
expression of pSTAT1/3, and about 2 min for STAT1/3. Anti-
[ actin antibody was obtained from Zhongshan Goldenbridge
Biotechnology Company (China). The other antibodies and
ECL detection solutions were purchased from Cell Signaling
Technology (USA).

Immunohistochemistry analysis
Spleen and liver samples were fixed in 10% buffered
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Figure 2. Expression and activation of STAT1 and STAT3 during Pyl17XL and Py17XNL infections. The expression levels of STAT1,
STAT3, pSTAT1 and pSTAT3 in the spleen (A), liver (B), mesenteric lymph node (C) and celiac macrophages (D). Total protein was extracted
from the tissues or cells, and STAT protein expression levels were analyzed by Western blot as described in Materials and Methods. The
Western blot results for pSTAT1 and pSTAT3 in spleen were quantified with Quantity One Software during the whole course of malaria
infection. The pSTAT1 and pSTAT3 intensities were respectively corrected by dividing by the actin intensity. The ratio of ipSTAT to
conpSTAT is plotted in the figure. Ratio = (ipSTAT/Actin) / (conpSTAT/Actin). (E) The ratio of ipSTAT to conpSTAT in the spleen of mice
infected with Py17XNL. (F) The ratio of ipSTAT to conpSTAT in the spleen of mice infected with Py17XL. (G) The constituent ratio of
pSTAT1 and pSTAT3 in the spleen of mice infected with Pyl7XNL. (H) The constituent ratio of pSTAT1 and pSTAT3 in the spleen of mice
infected with Py17XL. Each group at each indicated time point consisted of 4 mice, and the results were from one of three independent
experiments with similar observations. Con, control; conpSTAT, pSTAT1 or pSTAT3 of the uninfected control mice; ipSTAT, pSTAT1 or

pSTAT3 of the mice infected with Py17XNL or Py17XL.

formalin, embedded in paraffin, and sectioned into 3 pum
sections for staining with hematoxylin and eosin (HE) or for
immunohistochemical staining. The slides were de-paraffinized
in xylene, rehydrated through a graded series of alcohol and
washed in PBS. The sections were heated in a microwave
oven for 25 min in 100 mM Tris-5% Urea (pH 9.0) and the

liver sections heated in a microwave oven for 25 min in 10
mM citrate buffer (pH 6.0) to retrieve antigens. After blocking
endogenous peroxidase with 0.3% hydrogen peroxide, slides
were placed in 5% normal goat serum for 15 min. The
primary antibodies rabbit anti-mouse pSTAT1™7°Y (1:200)
and pSTAT3™7%) (1:50) (Cell Signaling Technology) were
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Py17XL

Figure 3. Immunohistochemical assay for pSTAT1 and pSTAT3 in spleens of mice on the first day after infection with Py17XL or
Py17XNL. Both strains of the malaria parasite rapidly induced the activation of STAT1 and STAT3. The pSTAT1/3-positive cells (arrow)
dispersed in every region, including white and red pulp. Each group at each indicated time point consisted of 4 mice, and the results were from
one of three independent experiments with similar observations. Original magnifications x50 or x400.

applied to the slides and incubated overnight at 4°C. After
incubation with biotinylated goat anti-rabbit IgG for 30 min
at room temperature, each slide was incubated in the avidin-
biotin peroxidase complex for 30 min at room temperature
(SP-9001 kit, Zhongshan Goldenbridge Biotechnology), then
each slide was reacted with substrate buffer and DAB
(diaminobenzidine) chromogen. Finally, the sections were
counterstained with hematoxylin (Sigma). For negative
controls, an equivalent rabbit pre-immune serum was used in
place of the primary antibody.

Results

Courses of infections with Pyl7XL and Pyl17XNL in C57BL/6
mice

C57BL/6 mice infected with Pyl7XNL developed
parasitemia which increased steadily from approximately day
4 and reached a peak of parasite density (about 50%
erythrocyte infected) on day 17 post inoculation (p.i.). The
parasitemia then decreased, and the infection was cleared by
day 28 p.i.. In contrast, infection with Pyl7XL resulted in a
rapid increase of parasitemia that reached 80% by 7 days p.i.,
and all infected mice died by day 7 p.i. due to severe
parasitemia (Figures 1A and 1B).

Dynamic analysis of pSTATI] and pSTAT3 levels in mice
infected with Py17XL or Pyl7XNL by Western blot

To analyze the activation profile of STAT1 and STAT3 during
the course of Pyl7XL or Pyl7XNL infection in mice, we
detected the expression levels of STAT1, STAT3, pSTAT1
and pSTAT3 in the spleen, liver, mesenteric lymph nodes and
celiac macrophages.

In spleens, STAT1 expression in mice infected by both
Pyl7XNL and Pyl7XL was increased, while STAT3
expression remained unchanged. Both Pyl7XNL and
Py17XL infections induced a maximum activation of STAT1
and STAT3 (resulting in pSTAT1 and pSTAT3, the active
STAT molecules) on the first day after parasite inoculation
(Figure 2A). The pSTAT1 declined significantly to the
baseline level on day 3 p.i. in Pyl7XL infected mice,
whereas the level of pSTAT1 in Pyl7XNL infected mice
declined gradually but stayed relatively higher than that of
uninfected control mice till the parasites were completely
eliminated. Pyl 7XNL infection induced the level of pSTAT3
to increase on day 1 p.i., rapidly decrease on day 3 p.i.,
remain at a low level for 3 weeks p.i. and then to rebound to
a relatively higher level afterward. In Py17XL infected mice,
high pSTAT3 levels were observed until the death of the
animals (Figure 2A).

Similar changes of STAT1 and STAT3 expression were
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Figure 4. Immunohistochemical assay for pSTAT1 and pSTATS3 in liver tissues in mice on the first day after infection of Py17XL or
Py17XNL. Both strains of the malaria parasite rapidly induced the activation of STAT1 and STAT3 (arrow). Each group at each indicated time
point consisted of 4 mice, and results were from one of three independent experiments with similar observations. Original magnifications

x200.

observed in the liver (Figure 2B). In two groups of mice
infected with Py17XNL and Pyl17XL, STAT1 expression was
increased at day 3 p.i.,, but not at day 1 p.i.. Significant
increases of pSTAT1 and pSTAT3 levels were detected on the
first day p.i.. After that, pSTAT1 decreased to an undetectable
level, and pSTAT3 level also declined dramatically in the
following days. However, pSTAT3 in Pyl17XNL infected
mice rebounded to a relatively higher level two weeks p.i..

Pyl7XNL and Pyl7XL infections had no effect on
STAT3 expression in mesenteric lymph nodes (Figure 2C)
and celiac macrophages (Figure 2D). However, STAT1
expression was increased in the short course of Pyl7XL
infection. In Pyl17XNL infected mice, STAT1 expression was
increased in the celiac macrophages and mesenteric lymph
nodes at the first 7 and 14 days of infection respectively. In
two groups of mice infected with Pyl17XNL and Py17XL, the
changed patterns of pSTAT1 were similar to that in liver: it
was detected only on the first day p.i.. Furthermore, the level
of pSTAT3 in two groups increased on the first day but
declined to the baseline level in the following days in both
mesenteric lymph nodes and celiac macrophages.

Changes in the amount of pSTAT1 and pSTAT3 during
the courses of Pyl7XL and Pyl7XNL infections were further
analyzed by quantifying the pSTAT levels and calculating the

ratio of pSTAT1 or pSTATS3 in the spleen of the infected mice
to that in the spleen of the uninfected control mice during the
whole course of infection. We observed the inverse dynamic
patterns of pSTAT1 and pSTAT3 in the early stage of
infection with the two strains of parasites. As shown in
Figures 2E and 2F, although both Pyl7XNL and Pyl17XL
infections induced a maximum activation of STAT1 and
STAT3 on the first day of infection, the self-resolving
Py17XNL infection induced a pSTAT1-dominant response
during the early stage of infection and then switched to
pSTAT3-dominance in the later phase with the resolution of
parasitemia. In contrast, the lethal Pyl17XL infection induced
a pSTAT3-dominant response during the whole short course
with the death of the animals. The pSTAT1/pSTAT?3 ratio has
been evaluated as an important index for immunoregulation
(26, 31, 35, 36), so we analyzed the constituent ratio of
pSTAT1 and pSTAT3 in the spleen during the whole course
of Pyl17XNL (Figure 2G) or Pyl17XL (Figure 2H) infection.
The pSTAT1/pSTAT3 ratio was increased during the early
stage of Pyl7XNL infection, peaked on day 7 p.i., and
subsequently decreased. But three weeks later, the pSTAT1/
pSTATS3 ratio of the infected mice was lower than that of the
uninfected control mice (Figure 2G). However, during the
whole course of Pyl7XL infection, the pSTATI1/pSTAT3
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ratio of the infected mice was lower than that of the
uninfected control mice (Figure 2H). Thus, our results
indicated that infections with Py17XNL and Py17XL induced
different dynamic patterns of pSTAT1 and pSTAT3 balance.

Immunohistochemistry analysis of activation of STATI and
STAT3 induced by P. yoelii infection

In order to observe the distribution of pSTAT1/3-positive
cells in spleen and in liver, sections, made from spleen and
liver collected on the first day post infection with Py17XNL
or Pyl7XL, were stained with HE and immunohisto-
chemically for detecting levels of pSTAT1/3. The numbers of
pSTAT1/3-positive cells in spleens (Figure 3) and in livers
(Figure 4) of infected mice were more than that of the
uninfected control mice. These results were consistent with
those of Western blot analysis. The pSTAT 1/3-positive cells
in spleen dispersed in every region, including white and red
pulp, in the two infected groups. The results of pSTAT1/3
staining in spleens in the following days of infection were
similar to those of the Western blot analysis (data not shown).

Discussion

We analyzed the kinetics of STAT1 and STAT3 activation in
mice during the course of infection with two closely related
strains of P. yoelii. We observed that both Pyl17XNL and
Py17XL infections induced a maximum activation of STAT1
and STAT3 during early infection. The timing of STAT1 and
STAT3 activation observed in this study is unexplainable
under the current theory on signal transduction pathways. It
is generally believed that pSTAT1 and pSTAT3 are
downstream molecules in cytokine signaling pathways
(pSTAT1 for IFNs and pSTAT3 for IL-10) (31). In a similar
mouse malaria study, IFN-y and TNF-o reached peak levels
between days 5 and 7 in mice following infection with lethal
or nonlethal P. yoelii. Peak levels of IL-10 appeared on day
16 in nonlethal strain infection and at least by day 7 in lethal
malaria (all animals died on day 7 p.i.). Peak levels of TGF-3
appeared on day 16 in nonlethal malaria and on day 2 in
lethal malaria (12). Our results indicated that maximum
activation of STAT1 and STAT3 occurred much earlier than
the peak levels of cytokines during malaria infection reported
by others (12, 13, 37). It is possible that some malarial
parasite molecules, yet to be identified, may directly activate
STAT1 and STAT3. STAT1 and STAT3 activation may be the
early event during malaria infection; pSTAT1 and pSTAT3
may play an important role in inducing cytokine response.
This merits further study.

The present work demonstrated that the clear dynamic
changes of pSTAT1 and pSTAT3 occurred in spleen, but not
in the mesenteric lymph nodes or celiac macrophages and a
dynamic change of pSTAT3 could be observed in liver. These
results were consistent with those in previous reports in
which the spleen plays a central role in controlling and
clearing the parasite (38-40), the liver has some function in
the control of malaria (41), but the mesenteric lymph nodes
(42) and celiac macrophages (43) are not the main immune

pSTAT1/pSTAT3 Balance in Murine Malaria

organs or cells in immunity against blood stage malaria.

It has been documented that infections with a nonlethal
(Pyl7XNL) and lethal (Py17XL) strain of Plasmodium yoelii
lead to different outcomes of the disease (12). Our present
studies indicated for the first time that these lethal and
nonlethal Plasmodium strains induced different dynamic
patterns of pSTAT1 and pSTAT3 balance in the spleens of the
infected mice. The nonlethal strain Pyl7XNL induced a
pSTAT1-dominant response during the early stage of
infection, which might cause the final resolution of the
infection. But the lethal strain Pyl17XL induced a pSTAT3-
dominant response, which might cause the overwhelming
parasitemia and the death of the animals. In the later stage of
Py17XNL infection, the pSTAT1-dominance was switched to
the pSTAT3-dominance. The “switch” might represent an
important mechanism to prevent immunopathology associated
with anti-malarial immunity. The STAT3-dominant response
during the early phase of Pyl7XL infection may inhibit the
development of protective immunity, leading to high para-
sitemia and death.

It is known that pSTAT1 is critical in inducing Th1/pro-
inflammatory cytokines, activating DC and NK cells,
up-regulating MHC class I/II molecules and co-stimulation
molecules on immune cells, prolonging the survival of T
cells, enhancing the activity of cytotoxic T lymphocytes
(CTL), and inhibiting the regulatory T (Treg) cell and anti-
inflammatory cytokine (TGF-B and IL-10) responses (26).
pSTAT3, which has antagonistic effect on pSTAT1 (27, 28),
plays a key role in suppressing the function of neutrophils,
NK cells, DCs (31-33) and negatively regulating the Thl-
mediated inflammatory response (30, 31). Therefore, the
balance of pSTAT! and pSTAT3 plays an important role in
regulating immune response and maintaining immuno-
homeostasis. The results presented in this study suggest that
the balance of pSTAT1 and pSTAT3 responses may also have
an important implication in malaria immunology, meriting
further study.
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