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Anti-Apoptotic Effects of SERPIN B3 and B4 via STAT6
Activation in Macrophages after Infection with
Toxoplasma gondii
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Abstract: Toxoplasma gondii penetrates all kinds of nucleated eukaryotic cells but modulates host cells differently for its
intracellular survival. In a previous study, we found out that serine protease inhibitors B3 and B4 (SERPIN B3/B4 because
of their very high homology) were significantly induced in THP-1-derived macrophages infected with T. gondiii through ac-
tivation of STAT®. In this study, to evaluate the effects of the induced SERPIN B3/B4 on the apoptosis of T. gondii-infected
THP-1 cells, we designed and tested various small interfering (si-) RNAs of SERPIN B3 or B4 in staurosporine-induced
apoptosis of THP-1 cells. Anti-apoptotic characteristics of THP-1 cells after infection with T. gondii disappeared when
SERPIN B3/B4 were knock-downed with gene specific si-RNAs transfected into THP-1 cells as detected by the cleaved
caspase 3, poly-ADP ribose polymerase and DNA fragmentation. This anti-apoptotic effect was confirmed in SERPIN B3/
B4 overexpressed Hela cells. We also investigated whether inhibition of STAT6 affects the function of SERPIN B3/B4,
and vice versa. Inhibition of SERPIN B3/B4 did not influence STAT6 expression but SERPIN B3/B4 expression was inhib-
ited by STAT6 si-RNA transfection, which confirmed that SERPIN B3/B4 was induced under the control of STAT6 activa-
tion. These results suggest that T. gondii induces SERPIN B3/B4 expression via STAT6 activation to inhibit the apoptosis

of infected THP-1 cells for longer survival of the intracellular parasites themselves.
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INTRODUCTION

Toxoplasma gondii, an intracellular protozoan parasite, infects
a wide range of warm-blooded animals world-widely, includ-
ing up to 30-70% of the human population [1,2]. Normal hu-
man infection is most asymptomatic, but those of immunode-
ficient humans or fetuses from primarily infected mothers and
newborns lead to a life-threatening serious disease or death [3].

Macrophages are in the front line of host defense against
various pathogenic infections. Although macrophages possess
microbicidal and immunoactivating properties, several proto-
zoan parasites, including T. gondii, can evade, enter, survive,
and grow within this potent host defense cell [4-8]. Intracellu-
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lar parasite T. gondii prolonged its parasitism by manipulation
of host cellular defense or apoptosis of host cells. T. gondii
blocks host cell apoptosis by direct interference with those
molecules related to the signaling pathway of apoptosis, such
as caspase cascades, PARP [9,10], or mitochondria-dependent
programmed cell death (PCD) [11], but the corresponding
molecules involved in the signaling pathway of anti-apoptotic
mechanism have not been clarified. Even some inhibitors of
protein synthesis potentiate staurosporine-induced PCD, it is
clear that PCD does not require the synthesis of new proteins,
whereas the activation of the death program by some other in-
ducers of PCD dlearly does so [12]. Caspase cleavage of PARP
blocks DNA repair and thereby facilitates apoptosis, so the
PARP cleavage is a useful indicator of PCD and substrate of
caspases in vitro and in vivo.

In our previous study, we found that serine protease inhibi-
tors, such as SPINT2, SERPIN B3, B4, and B13 were signifi-
cantly expressed in T. gondii-infected macrophages [13].
Among them, SERPIN B3 and B4 are highly homologous each
other and also named as squamous cell carcinoma antigens
(SCCA) 1 and 2, respectively. SERPIN has ability to protect
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from tumor necrosis factor-mediated apoptosis [14] and cal-
pain activation [15]. In the present study, we present the evi-
dences for those up-regulated SERPINs by the infection of T.
gondii to the protective roles in apoptotic signaling pathway
with inhibition of casapase 3, PARP activation, and DNA frag-
mentation. This anti-apoptotic action of SERPIN B3/B4 may
favor T. gondii to prolong successfully its parasitism in host
cells.

MATERIALS AND METHODS

Parasite and host cells

The RH strain of T. gondii was maintained by peritoneal pas-
sages in BALB/c mice. Prior to use, tachyzoites were purified by
centrifugation over 40% Percoll (Amersham Pharmacia Bio-
tech, Uppsala, Sweden) in PBS. Human acute monocytic leu-
kemia cells (THP-1, ATCC TIB-202, American Type Culture
Collection, Manassas, Virginia, USA) and HeLa (ATCC CCL2)
cells were cultured in minimum essential medium (MEM)
supplemented with 10% fetal bovine serum (FBS). THP-1 cells
were used as macrophages after induction to differentiate with
0.25 uM phorbol myristate acetate (PMA) for 48 hr. A549 cells
and Jurkat T cells (E6-1) were grown in RPMI 1640 medium
supplemented with 25 mM HEPES, 50 mg/L gentamicin sul-
phate, and 10% (v/v) heat-inactivated FBS at 37°C in a humid-
ified 5% CO, atmosphere.

RT-PCR of SERPINs in various types of cells

Various types of cells, i.e., Hela, A549, Jurkat T, U937, and
THP-1 (monocytes and differentiated macrophages), were test-
ed for expression of SERPIN B3 and B4 24 hr after T. gondii in-
fection. First-strand cDNA was synthesized from 2 pg of total
RNA and reacted with 10 pM primer sets for SERPIN B3, 5™
GAT GAG GCA ATA CAC ATC TIT TCA-3" and 5-CAG CAG
TGA GTT TCT CIT CAA GC-3; SERPIN B4, 5-CAA AGG CAA
AGA TCT AAG CAT GA-3" and 5-CAA TIT CTC AGC AGT
GAG TIT CIC-37; and control B-actin (X00351), 5-GCA CCC
AGC ACA ATG AAG A-3”and 5"-CGA TCC ACA CGG AGT ACT
TG-3".

Effects of si-SERPIN B3 and B4 RNA or si-STAT6 RNA
SERPIN B3 or B4 was knock-downed by direct transfection
with various site specific si-RNAs (Table 1) and interference with
transcribed STAT6 mRNA with 5-AAG CAG GAA GAA CUC
AAG UUU TT-3"and 5-AAA CUU GAG UUC UUC CUG cuu

Table 1. The si-RNAs designed and tested for inhibition of SER-
PIN B3 and B4

SERPINBS3-1 (RNA) -AUA UCC ACC AUU CCC AUG GUU CUC A
R -UGAGAA CCA UGG GAA UGG UGG AUA A
RNA) -UUA UUA AAU UUC UUC UCC CAC UGC C
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TT-3"[13]. Cells cultured on round coverslips in a 24-well plate
were transfected with a premix of 6 pmole siRNA and Lipo-
fectamin RNAi MAX (Invitrogen, Carlsbad, California, USA)
in Opti-MEM for 6 hr. After washing with MEM, cells were fur-
ther incubated for 24 hr.

T. gondii infection and induction of apoptosis

THP-1 cells and HeLa cells were infected with T. gondii at
parasite-to-host cell ratio of 10:1 and incubated for 16 hr and
differentiate with 0.25 pM PMA for 24 hr. Before induction of
apoptosis, THP-1 cells and Hela cells were washed 3 times in
RPMI 1640 or EMEM to remove extracellular T. gondii. To in-
duce apoptosis, staurosporine of 500 nM was treated for 8 hr
to host cells.

Western blot

Proteins were resolved in 12% SDS-PAGE and transferred
onto nitrocellulose (NC) sheets. The NC sheets blocked with
5% skim milk in PBS containing 0.05% Tween-20 were incu-
bated with 1:1,000 diluted rabbit anti-human caspase 3, PARP,
B-actin antibodies (Cell Signaling Technology, Danvers, Mas-
sachusetts, USA) and SCCA1/2 antibody (Santa Cruz Biotech-
nology, Santa Cruz, California, USA), and then with 1:5,000
diluted HRP-conjugated goat anti-rabbit IgG antibody (Santa
Cruz Biotechnology). They were soaked in enhanced chemilu-
minescence solution (Amersham Phamarcia Biotech) for 1 min
and then the chemiluminescent images were obtained in Bio-
Rad Gel Doc XR+ (Bio-Rad Lab., Hercules, California, USA).

DNA fragmentation
To induce apoptosis, macrophages were treated with stauro-
sporine (500 nM; Sigma Chemical Co., Rockville, Maryland,
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USA) for 8 hr after T gondii infection 24 hr earlier. The cells
were harvested by centrifugation and washed with cold PBS.
DNA was extracted using TakaRa kit (MK600, Otsu, Shiga, Ja-
pan). The DNA samples were separated by electrophoresis on
a 2% agarose gel and visualized under UV by ethidium bro-
mide.

Cloning and co-transfection of SERPIN B3 and B4 into
Hela cells

The first strand cDNA was synthesized using the Powerscript
reverse transcriptase (BD Biosciences Clontech, Mountain
View, California, USA) from 1 pg of total RNA which was iso-
lated from A549 cells using TRIzol reagent (Invitrogen). For
the SERPIN B3, PCR was performed with a forward primer of
5’-atg aat tca ¢ tc agt gaa gee aac acc aag ttc atg ttc gac -3” and
reverse primer of 5’-cta cgg gga tga gaa tct gaa ata gaa gag gat
-3” to amplify 1,173 bp of Homo sapiens A53A squamous cell
carcinoma antigen (SCCA) 1 gene (AY245781) and for SER-
PIN B4 (AY245782), a forward primer 5™- atg aat tca ctc agt gaa
gCC aac acc aag tte atg ttc ggt -3” and reverse primer 5-cta cgg
ggg tga gaa tct gaa ata gaa gag gat-3” were used to amplify 1,173
bp of Homo sapiens 1BP1 SCCA 2 (AY245782). They were in-
serted into red fluorescent plasmid pDsRed2-N1 expression
vector (BD Biosciences, Clontech). Transient co-transfection of
pDsRed2-N1-SERPIN B3 and pDsRed2-N1-SERPIN B4 into
Hel.a cells were achieved using calcium phosphate co-precipi-
tation method. The day before transfection, 5x 10* cells were
seeded into 24-well culture plates in fresh medium. Plasmid
DNA (1-2 pg) was diluted in 42 pl of H,O, mixed with 7 il of
2.0 M CaCl; and added by drops to 50 pl of 2 x HeBS (280 mM
NaCl, 1.5 mM Na,HPO,, and 50 mM HEPES, pH 7.05). After
20-min incubation at room temperature, the mixture was add-
ed to the cells. After 24 hr, cells were washed and infected with
RH tachyzoites of 1x 10° per ml.

RESULTS

SERPIN B3 and B4 were significantly induced in T. gondii-
infected macrophages

The intracellular T. gondii manipulated its host cell genome
such that the expression of SPINT2, SERPIN B3, B4, and B13
were consistently increased over 3-folds among 17 SERPINs
filtered in the microarray analysis of macrophages following
infection with T. gondii [13]. In this study, we observed prelim-
inarily the expression of SERPIN B3 and B4 in several cell types,

which showed differences in the induction between normal
and T. gondii infected cells (Fig. 1A). In HelLa cells, both SER-
PIN B3 and B4 were not expressed regardless of T. gondii infec-
tion and, in A549, Jurkat-T, and U937 cells, SERPIN B3 was
expressed as smudges and SERPIN B4 expressed fully but the
expressions were still both in normal and infected cells also. In
case of THP-1 cells, both SERPIN B3 and B4 were not expressed
in normal cells but those were significantly increased in PMA-
induced THP-1 cells, i.e., macrophages after T. gondii infection.

The induction of SERPIN B3 and B4 started as early as 8 hr
post-infection with T. gondii, increased gradually up to 24 hr
and then maintained thereafter in transcriptional level (Fig. 1B)
and translational level as blotted by anti-SCCA 1/2 antibody
(Fig. 1C).

SERPIN B3/B4 expression was inhibited with gene
specific si-RNA transfection and STAT 6 inhibition

To correlate the interaction between SERPIN B3 and B4 and
STAT6 in macrophages infected with T. gondii, we first designed
and tested various small interfering (si-) RNA of SERPIN B3 or
B4 (Table 1). Among the SERPIN B3-1~3 and SERPIN B4-1~3
si-RNA, si-SERPIN B3-1 and si-SERPIN B4-2 RNA could effec-
tively interfere with the transcriptional level of SERPIN B3 and
B4, respectively (Fig. 2A), without affecting the STATG6 transcrip-
tion level. The si-SERPIN B3/B4 RNA mix (mixture of si-SER-
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Fig. 1. Expression of SERPIN B3 and B4 in various host cells.
Expression of mMRNA of SERPIN B4 and B4 in T. gondii infected
or uninfected host cells (A). Hela (cervix adenocarcinoma, epi-
thelial), A549 (lung carcinoma, epithelial), Jurkat T (acute T cell
lymphoma, T lymphocyte, lymphoblast), U937 (histiocytic lym-
phoma, histocyte, monocyte), THP-1 (peripheral blood, acute
monocytic leukemia or macrophage) were tested. RT-PCR (B)
and western blot (C) of induced SERPIN B3 and B4 in macro-
phage-differentiated THP-1 cells by time course. SCCA1/2 indi-
cates SERIPN B3/B4 detectable antibody.
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Fig. 2. Inhibitory relationship between SERPIN B3 or B4 and
STATG. Inhibitory effects of various si-SERPIN B3 or B4 RNAs
or si-STAT6 in transcriptional level of SERPIN B 3 and B4 genes
(A). Inhibitory effects of si-STAT6 and si-SERPIN B3/B4 mix in
m-RNA level (B) and protein level of SERPIN B3 and B4 (C).
Blank bar indicates control host cells, black bar by T. gondii in-
fection only, dark grey bar with siSTAT6 under T. gondii infection,
and bright grey bar with siSERPIN B3/B4 under T. gondii infec-
tion, respectively.

PIN B3-1 and si-SERPIN B4-2 RNA) was selected and applied,
which resulted in the significant knock-down of the mRNA
transcription of SERPIN B3 or B4 with si-SERPIN B3/B4 RNA
mix by 62% of SERPIN B3 and 67% of SERPIN B4. Treatment
of si-STAT6 RNA also influenced the transcription of SERPIN
B3 by 71% and SERPIN B4 by 67%, respectively (Fig. 2B). The
protein translation of SERPIN B3 or B4 was accordingly reduced
with si-SERPIN B3/B4 RNA mix concordance (51%) or si-STAT6
RNA transfection (46%) (Fig. 2C).

T. gondii infection did not sustain the staurosporine-
induced apoptosis in SERPIN B3/B4 knock-downed
macrophages

To clarify the function of the induced SERPIN B3 and B4 in
the apoptosis of host cells, we promoted the apoptosis of mac-
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Fig. 3. Anti-apoptotic effects of SERPIN B3/B4 and T. gondii in-
fection in macrophages after induction of apoptosis by stauro-
sporine. The transcriptional level of SERPIN B3 and B4 was af-
fected by the concentration of staurosporine (A). DNA fragmen-
tation (B), activation of caspase-3 and cleavage of PARP (B)
were measured in macrophages. SCCA1/2 indicates SERIPN
B3/B4 detectable antibody and B-actin was used as control.

rophages with staurosporine which is a well known inducer of
apoptosis in mammalian cells [16]. The expression of SERPIN
B3 or B4 was maintained under 1 pM of staurosporine treat-
ment (Fig. 3A). T gondii-infected macrophages showed signifi-
cantly decreased apoptotic cell death detected by DNA frag-
mentation (Fig. 3B), activation of caspase 3 and PARP cleavage
(Fig. 3C) upon treatment of staurosporine (0.5 pM for 8 hr)
compared with uninfected cells. Inhibited apoptotic character-
istics of macrophages infected with T. gondii were significantly
reduced when SERPIN B3 and B4 were knock-downed with
gene specific si-RNA transfection to macrophages.

SERPIN B3/B4 protects apoptosis in transfected Hela
cells

To confirm the function of SERPIN B3/B4 (SCCA1/2) in
apoptosis, the carcinoma cell line HeLa, which showed no
background expression of SERPIN B3 and B4 in normal and
in T. gondii-infected cells (Fig. 1A), was co-transfected with the
mammalian expression vectors pDsRed-N1 containing cDNA
for SERPINB3 or B4 coding regions. The expression of SERPIN
B3/B4 in transfected cells was confirmed using fluorescence
microscope and western blot with SCCA1/2 antibody which
reacts with SERPIN B3 and B4 proteins. The expression of SER-
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Fig. 4. Effects of anti-apoptosis in HelLa cells by expression of
SERPIN B3 and B4. Over-expression of SERPIN B3 or B4 in
macrophages was confirmed in fluorescent photographs (A) of
which RH(+) indicates T. gondii infection. Activation of cas-
pase-3, cleavage of PARP, and SCCA1/2 expression in untrans-
fected Hel a cells (B) and in transfected Hela cells (C). pDsSER-
PIN B3/4 indicates pDsRed-SERPIN B3 and pDsRed-SERPIN
B4 co-transfected Hel a cells.

PIN B3/B4 was detected in infected or uninfected HeLa cells
with T. gondii (RH, Fig. 4A). Hela cells devoid of SERPIN B3/
B4 expression could not protect staurosporine-induced apop-
tosis although T. gondii was infected or not (Fig. 4B). But SER-
PIN B3/B4 co-transfected HeLa cells showed strongly reduced
apoptotic characteristics by caspase3 activation and PARP cleav-
age (Fig. 4C).

DISCUSSION

The cross talk of T. gondii with various macrophage popula-
tions has been reported, wherein T. gondii prolonged their sur-
vival in macrophages by preventing nuclear translocation of
transcription factor NF-kB [7], inhibiting the production of
proinflammatory cytokines [17] and reducing the expression
of inducible nitric oxide synthase [18]. Genome and proteome

analysis [19,20] of T gondii-infected host cells have enabled to
investigate how intracellular parasite T. gondii manipulates its
host cells at DNA or post-transcriptional levels. Furthermore,
modulation of host cell apoptosis is an important feature of T.
gondii infections.

In our previous study using microarray of host cells infected
with T. gondii, SERPINs were significantly expressed in T. gon-
dii-infected macrophages [13]. Especially, SCCA1 (SERPIN B3)
and SCCA2 (SERPIN B4) were highly induced in macrophages
after T. gondii infection. With these results, we speculate that
intracellular T. gondii may exert to manipulate the expression
of SERPIN B3 or B4 by macrophages for its intracellular sur-
vival through controlling the fate of host cells. There are some
evidences that SERPINs protect from tumor necrosis factor-me-
diated apoptosis by reducing the DNA fragmentation [21], in-
activating caspase and/or upstream proteases [22], and overex-
pression [14].

Although inhibition of SERPIN B3 or B4 did not affect the
expression of transcription factor STAT6, STAT6 inhibition sig-
nificantly affects SERPIN B3 and B4 expressions, especially
SERPIN B3. These results confirmed our previous findings that
STATG activation by T. gondii infection induces the expression
of Th2 C-C chemokine ligands and B clade serine protease in-
hibitors in macrophages [13]. The SERPIN B3 and B4 may
participate in the downstream of the signaling molecules from
autonomous STAT6 activation by T. gondii infection indepen-
dent of IL-4 in macrophages. The up-regulation of SCCA1/2
genes via host transcription factor STAT6 in T. gondii-infected
macrophages is possibly an important mechanism in T. gondii-
mediated blockage of apoptosis of infected host cells.

In our study, the inhibition of SCCA1/2 expression resulted
in host cell’s failure of the protection against apoptosis signal
pathway, such as caspase 3 activation, PARP cleavage, and DNA
fragmentation. Furthermore, the overexpression of SCCA1/2
in Hela cells significantly reduced the activation of caspase-3
induced by sataurosporine treatment, which suggested that
SCCA1/2 may inhibit a protease upstream from these caspas-
es. Our present results demonstrated that a method to sup-
press the apoptosis of macrophages by T. gondii via induction
of SERPIN B3 and B4 so that various pathways of apoptosis
maybe differentially regulated by various protease inhibitors,
such as plasminogen activator inhibitor type 2 [23] and poxvi-
rus-encoded serpin [24] which target different caspases [25].

In summary, our results are the first reports that T. gondii
modulates the expression of SERPIN B3 and B4 as products of
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gamma-associated sequence (GAS) of activated STAT6 in in-
fected macrophages, which may function as cellular factors in-
volved in the regulation of apoptosis pathway of the profes-
sional phagocytic macrophages as a survival mechanism for its
parasitism.
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