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Introduction

Summary

Anti-phospholipid syndrome (APS) is characterized by recurrent patho-
logical pregnancy, arterial or venous thrombosis in the presence of anti-
phospholipid antibody (aPL). Complement activation is recognized as an
intermediate link leading to placental thrombosis and placental inflam-
mation in APS model mice. Decay accelerating factor (DAF, CD55), MAC-
inhibitory protein (MAC-IP, CD59) and membrane co-factor protein (MCP,
CD46) are important complement inhibitory proteins (CIPs) highly ex-
pressed in normal placenta to curb excessive complement activation and
its mediated injuries. Anti-B2 glycoprotein I (anti-B2GPI) antibody is an
important aPL. We found that placental DAF and CD46 decreased in
B2GPI passively immunized APS model mice, accompanied by C3 deposi-
tion, neutrophil infiltration and increased proinflammatory cytokine levels
detected in its placenta. Progesterone supplement can up-regulate DAF
but not CD46 expression, curb C3 activation and decrease proinflamma-
tory cytokines levels to reduce fetal loss frequency. Progesterone receptor
antagonist (mifepristone) or knock-down DAF with specific siRNA, above
the protective effects of progesterone, were significantly weakened. Another
sex hormone, oestrogen, has no significant effect on placental DAF and
C3 contents and fetal loss frequency in the APS mice model. This may
be an important mechanism by which progesterone induces maternal-fetal
immune tolerance. At the same time, it may provide evidence for the use
of progesterone in APS abortion patients.

Keywords: anti-phospholipid syndrome, complement, decay accelerating
factor, progesterone

endothelial cells [5], platelets and monocytes [6-8] to expose
specific epitopes for aPL to bind, thereby activating them

Anti-phospholipid syndrome (APS) is one of a group of
systemic autoimmune diseases which can cause pregnancy
morbidities and recurrent systemic vascular thrombosis,
involving both arterial and venous vessels in the persistent
presence of aPL [1,2]. APL is a series of heterogeneous
phospholipid-binding autoantibodies. Clinically relevant
aPL include lupus anti-coagulant (LA), anti-cardiolipin
(ACL) and anti-B2 glycoprotein I (GPI). It has been clari-
fied that the antigenic reactivity process between aPL and
B2GPI is a key link in the pathogenesis of APS, but the
specific mechanism of aPL-mediated abortion and tissue
damage has not been fully studied.

B2GPI is a most well-studied antigen of aPL [3,4]. B2GPI
can immobilize on anionic phospholipid surfaces such as

to produce a procoagulant and proinflammatory phenotype
[6-8]. However, aPL can not only activate blood cells and
blood coagulation factors, but can also mediate complement
activation directly or indirectly [9,10]. Despite thrombosis
and ischaemic damage, complement over-activation in pla-
centa has gradually been revealed to be another important
mechanism in forming APS pathological injuries [9-12].

aPL has complicated cross-reactions among comple-
ment, coagulation and inflammation systems [13].
Complement lysates C3a and C5a can activate prothrom-
bin to promote blood coagulation and damage placental
blood supply [14]. Complement lysate C5a binds to
various  cells

expressing Cb5a receptors such as
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neutrophils, endothelial and macrophages to promote
them releasing chemokines, finally leading to placental
inflammatory injuries [15,16]. Cytokines participate in
inflammation and the coagulation system, and can also
activate the complement system to form a vicious circle
to amplify inflammatory and thrombosis injuries to
placenta.

Researchers found C3, C5 and its debris deposits in
both APS patient and mice model placenta [11,17,18].
Placental complement levels were decreased, placental
thrombosis and inflammation relieved and fetal loss fre-
quency reduced C5aR deficiency in mice or mice treated
with C5aR antagonist peptide [11].

Both human and mouse placental tissue undergo a
certain degree of complement strike in normal pregnancy
[19,20]. Despite evidence of complement activation found
in the placenta, excessive complement activation can
be curbed by up-regulated placenta complement inhibi-
tory proteins (CIPs) [18,21-23]. Decay accelerating factor
(DAF), CD46 and CD59 are important CIPs, which are
highly expressed in placenta to inhibit the cascade ampli-
fication of complement in normal pregnancy [22,23].

Oestrogen and progesterone are important substances
that control women’s menstrual and pregnant physiology
[24,25]. DAF contents in the uterus change with the female
physiological cycle [25]. We hypothesize that DAF expres-
sion may be related to hormone levels during implantation
or pregnancy phase.

Further experiments were carried out in this paper to
confirm the influence of progesterone and oestrogen on
placental DAF expression and its possible anti-inflamma-
tion, anti-coagulation and anti-thrombosis effects in the
B2GPI actively immunized abortion mice model (APS
mice model).

Materials and methods

Purification and characterization of f2GPI

Human p2GPI was purified by perchloric acid treatment
of pooled sera obtained from healthy blood donors. All
sera samples were followed by affinity purification (heparin
column, Heparin Sepharose CL-6B; GE Healthcare,
Chicago, IL, USA) and ion-exchange chromatography
(Resource-S; GE Healthcare). The immunoblotting method
was used to identify B2GPI and analyse its purity.

Murine fetal loss model

SPF-grade, 8-week-old female BALB/C mice, weighing
25 + 2 g, and 8-10-week-old male BALB/C mice weigh-
ing 30 + 2 g, were involved in our study. All mice had
regular oestrus cycles and satisfied quarantine conditions
provided by the Experimental Animal Center of Hubei
University of Traditional Chinese Medicine. The feeding
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temperature (20-22°C) and humidity (50-70%) were suit-
able. All animal experiments in this study were approved
by the Ethics Committees of the Maternal and Child
Health Hospital of Hubei Province.

We established an APS abortion model to mimic
human APS by actively immunizing mice with p2-GPIL
Human B2-GPI was purified as per previous protocol
and dissolved in sterile physiological saline to a solu-
tion of 100 ug/0-25 ml concentration, and mixed with
complete Freund’s adjuvant (CFA; Sigma, St Louis, MO,
USA) in equal volumes. On the first day of the experi-
ment, 50 pl of the fully emulsified mixture was injected
subcutaneously into the necks of the mice. As with
the configuration and injection procedure, CFA was
replaced by incomplete Freund’s adjuvant (IFA; Sigma)
on day 8 to strengthen the immunization. On days 1
and 8, control group (Cont.G.) mice were injected with
equal volumes of only CAF and IFA separately without
B2-GPL

Serum anti-B2GPI antibody levels were detected by
enzyme-linked immunosorbent assay (ELISA) on day 10
after the mice were last immunized. Mice were success-
fully modelled when anti-B2GPI antibody titre was twice
that of normal mice; 65% were successfully modelled.
Resorption fetuses were detected in approximately 96%
of successfully modelled mice (data not shown).

Male and female mice were caged (at 2 : 1 ratio) at
9:00 p.m.; the copulatory plug was examined between
8:00 a.m. and 8:30 a.m. the next day and then segregated
into male and female groups. Mice without a copulatory
plug were caged again at 9:00 p.m. The time at which
we found a copulatory plug was defined as day 0-5 day
of pregnancy or embryonic day 0-5.

Animal administration

Model mice were given oestrogen (0-6 mg/kg; Solarbio
Science and Technology, Beijing, China) for gavage or pro-
gesterone (8 mg/kg; Sigma), respectively, for subcutaneous
injection daily from days 0-5 to 15-5 of pregnancy to the
oestrogen group (Estr.G.) or progesterone group (Prog.G.).
All mice were euthanized by intraperitoneal injection of
10% chloral hydrate (Roche, Shanghai, China) on day 155
of pregnancy. The dissected uterus, fetus and placenta were
weighed. Fetal resorption rates were calculated. Resorption
sites can be easily identified in Fig. 1m.

To further confirm the protective effect of progesterone
on APS model mouse, we carried out in-vivo progesterone
antagonistic experiments. Progesterone (8 mg/kg) was
given daily to mice from days 0-5 to 15-5 of pregnancy.
Mifepristone (2 mg/kg) was added daily from days 5-5
to 15-5. Mice were euthanized on day 15-5 day of preg-
nancy. Fetal resorption rates, DAF, C3, interleukin (IL)-1p,
IL-8 and tumour necrosis factor (TNF)-a levels were tested
to detect the effects of mifepristone on model mice.
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Immunohistochemical staining USA), goat anti-mouse DAF (Abcam), CD59 (Abcam)
On day 155 of pregnancy, placental and decidual tissue and CD46 (Abcam), followed by anti-goat immunoglobulin
were dissected and sections were incubated with goat (Ig)G conjugated to horseradish peroxidase (HRP) (Sigma
anti-mouse C3/C3a antibody (Abcam, Cambridge, MA, Aldrich, St Louis, MO, USA). Goat anti-mouse granulocyte
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Fig. 1. (a) Haematoxylin and eosin (H&E) staining to detect placenta morphological changes in the control group (Cont.G.) (a, al) and model group
(Mode.G.) (b, b1-b3) on day 15-5 of pregnancy; a, al were normal placenta; bl was placental infarction; b2 was placental congestion; b3 was tissue
debris in placenta (x40, x400 magnification). (b) Immunohistochemical staining to detect infiltration of neutrophils in placenta of Cont.G. (c, c1)
and Mode.G. (d, d1) on day 15-5 of pregnancy. Tissue sections were incubated with goat anti-mouse granulocyte RB6-8C5 monoclonal antibody
(mAb), followed by rabbit anti-mouse immunoglobulin (Ig)G conjugated to horseradish peroxidase (HRP). HRP-bound antibody was detected by
diaminobenzidine (DAB) and was counterstained with haematoxylin. Positive sites were stained brown (x40, x400 magnification). (c) Effects of
modelling and sex hormones (oestrogen and progesterone) on fetal absorption rate (1), decay accelerating factor (DAF) (e), CD46 (f), CD59 (g)
protein, C3 (h), interleukin (IL)-1B(i), IL-8 (j) and tumour necrosis factor (TNF)-a (k) in mice placenta on day 15-5 of pregnancy. The Mode.G. was
injected with 2 glycoprotein I (GPI) + Freund’s adjuvant, the Cont.G. with Freund’s adjuvant. Successfully modelled mice were further given
oestrogen (0-6 mg/kg/day, Estr.G.) or progesterone (8 mg/kg/day, Prog.G.), respectively, from the beginning of pregnancy until day 15.5. Resorption
sites were presented in ‘m’ and marked in “%’. Ten independent replicate samples were tested in each group. Resorption rate was calculated by three

independent individuals. All groups compare with Mode.G.; *P < 0-05.

<
<

RB6-8C5 monoclonal antibody (mAb) [12] (anti-Ly6 anti-
body; Becton Dickinson/PharMingen, Franklin Lakes, NJ,
USA) followed by rabbit anti-mouse IgG (ABclonal,
Wuhan, China) conjugated to HRP (Sigma Aldrich) was
stained to detect granulocytes in placenta. Antibody-bound
HRP was detected by 3, 3'-diaminobenzidine (DAB;
Solaibao Biotechnology, Beijing, China). All sections were
counterstained with haematoxylin (Sigma Aldrich).
Intensity of C3, DAF, CD59 and CD46 in decidual and
placental section was scored using the semiquantitative
method (0-5+) by three observers blinded to the experi-
mental condition. All data were expressed as the mean
levels of eight to 12 mice tested in individual experimental
conditions. Sections were also stained with haematoxylin
and eosin (H&E) to detect tissue histomorphological
changes.

Cell administration

HTR-8/SVneo (Baina Bio., Shanghai, China) cells are
immortalized extravillous trophoblasts during the first
trimester of pregnancy. They share similar phenotypes
with primary cells. All cells were maintained in RPMI-
1640 (Hyclone, San Angelo, TX, USA) containing 5% fetal
bovine serum (GiBco, Carlsbad, CA, USA) and antibi-
otic-anti-mycotic (GiBco) under a 5% CO, humidified
atmosphere at 37°C. Cells grown in log phase were seeded
in 96-well sterile plates at a density of 1 x 10° cells/cm?,
and human B2GPI (purified as per previous protocol)
was added to wells at a concentration of 0-2 mg/ml.

Mouse anti-human B2GPI IgG monoclonal antibody
(60 pg/ml; Abcam) or control IgG (60 pg/ml; Serotec,
Oxford, UK) was added separately to HTR-8/SVneo cells.
DAF and CD46 cell levels were detected by Western blot
6 h later. Progesterone was added at gradient concentra-
tions (0, 100, 200 and 400 ng/ml) to HTR-8/SVneo cells,
and DAF levels were detected 6 h later. Mifepristone
(Solarbio) was added in gradient concentrations (0, 25,
50 and 100 ng/ml) to HTR-8/SVneo cells which were
pre-exposed to progesterone, and DAF levels were detected
6 h later.

Western blot analysis

Western blot analysis was used to detect the expression
of DAF (Proteintech, Manchester, UK), CD59
(Proteintech) and CD46 (Proteintech) at the maternal-
fetal interface. The uteruses of each group was dissected,
and the intact placental and decidual tissues were
removed from the mice on day 15-5 of pregnancy and
stored immediately at -80°C. Total tissue protein was
extracted from RIPA protein lysate (Solarbio) and ultra-
centrifuged for 15 min at 4°C at 13000g. The supernatant
was taken and the protein concentration in the super-
natant was detected using the bicinchoninic acid assay
(BCA) (Solarbio) method. Fifty pg of protein sample
was prepared for Western blot analysis to detect DAF,
CD59 and CD46 levels at the maternal-fetal interface.
All samples were detected using the enhanced chemi-
luminescence (ECL) method, and the target strip was
imaged and analysed in an infrared fluorescence scan-
ning imaging system (Odyssey Clx; Li-Cor Biosciences,
Lincoln, NE, USA). All data were expressed as the mean
level of eight to 12 mice tested in individual experi-
mental conditions.

Measurement of cytokines and C3

IL-1B (Abcam), IL-8 (R&D Systems, Minneapolis, MN,
USA), TNF-a (R&D Systems) and C3 (Abcam) decidual
and placental lysate supernatants were detected on day
15-5 of pregnancy, according to the instructions of the
corresponding ELISA Kkit.

Transfection in vivo

We performed short interfering RNA (siRNA) to transfecting
mice through tail-vein injection of siRNA targeting at DAF
mRNA. The transfection mixture was prepared according
to the manufacturer’s instructions, and consisted of 4 mg
DAF siRNA (siRNA: ATGAUUGGAGAGCACUCUAUU,
Invitrogen, Carlsbad, CA, USA) or control siRNA (Cont.
siRNA, Dharmacon), 4 ml Entranster in-vivo transfection
reagent (Engreen, Beijing, China), 6 ml RNAse-free water
and 10 ml 10% glucose. The mixture above was injected
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intravenously at a volume : weight ratio of 2.5 ul/g to the
mice. The injection started on day 5-5 and was intensified
every 3 days to day 15-5 of pregnancy. After the mice were
euthanized, DAF protein levels were detected by Western
blot. Fetal loss frequencies were calculated, and C3, IL-1p,
IL-8 and TNF-a levels were detected by ELISA.

Statistical analyses

All data are expressed as mean * standard deviation (s.d.).
Fetal resorption rates and fetal weights between groups
were compared using a Student’s t-test, and semiquantita-
tive scores of immunohistochemistry using a Mann-
Whitney U- test. When P-values were less than 0-05, null
hypotheses were rejected.

Results

Increased fetal loss rate and severe placental C3
deposition and proinflammation cytokines were found
in APS model mice

After mice were injected with f2GPI and Freund’s adju-
vant, high titres of anti-B2GPI antibodies were detected
in circulating blood (data not shown). In Cont.G., fetal
resorption rate was < 7% (Fig. 11) and close to 43% in
the model group (Mode.G.) (Fig. 11). The fetal absorption
rate in Mode.G. was significantly higher than in Cont.G.
(P < 0-05). Vaginal bleeding and embryo embolus can
be found in the vagina of some model mice.

H&E staining found large amounts of tissue debris
(Fig. 1b3) and local infarcts (Fig. 1bl), accompanied by
severe congestion (Fig. 1b2) in placenta of Mode.G.
Immunohistochemical staining found massive neutrophil
infiltration in placenta of Mode.G. (Fig. 1d1-d2). ELISA
found that placental C3 (Fig. 1h), IL-1p (Fig. 1i), IL-8
(Fig. 1j) and TNF-a (Fig. 1k) levels in Mode.G. were
significantly higher than in Cont.G. (P < 0-05).

Progesterone supplement protects model mice from
fetal loss and inhibits placental C3 deposition and
proinflammation cytokine secretion

In contrast with Cont.G., fetal resorption rate showed a
nearly two-fifths decrease (P < 0-05) (Fig. 1I) in Prog.G.
and a nearly one-seventh (P > 0-05) (Fig. 11) decrease in
Estr.G. C3 (Fig. 1h), IL-1p (Fig. 1i), IL-8 (Fig. 1j) and
TNF-a (Fig. 1k) levels in Prog.G. were sharply decreased
(P < 0-05). IL-1p (Fig. 1i) and TNF-a (Fig. 1k) levels in
Estr.G. gently decreased, but C3 (Fig. 1h) and IL-8
(Fig. 1j) remained high.

This suggests that the protective effects of progesterone
on APS mice model were responsible for progesterone’s
effects on inhibiting complement activation and inflam-
mation cytokine secretion in placenta, whereas oestrogen

has no effect on placental C3 deposition and fetal resorp-
tion rate.

Progesterone receptor antagonist blocks progesterone-
induced protection on the APS mice model

To further confirm the protective effect of progesterone
on the model mouse, both progesterone and progesterone
receptor antagonists (mifepristone) were given to the model
mice during pregnancy. We found that the protective
effect of progesterone on APS mice was significantly
weakened by mifepristone and the fetal absorption rate
increased (Fig. 2a). Placental C3, a proinflammatory fac-
tor, clearly increased (Fig. 2b).

This demonstrates that the inhibiting effects of proges-
terone on complement deposition and inflammation
cytokine secretion in placenta may be mediated by pro-
gesterone receptor.

Placental DAF and CD46 decreased in model mice and
progesterone can restore placental DAF expression

Western blot was used to detect mice placental DAF,
CD46 and CD59 levels in both Cont.G. and Mode.G.
We found that placental DAF (Fig. le), CD46 (Fig. 1f)
and CD59 (Fig. 1g) were all highly expressed in Cont.G.
DAF (Fig. le) and CD46 (Fig. le) sharply decreased in
Mode.G., but CD59 (Fig. 1 g) levels did not change.

To investigate the mechanisms responsible for CD46
and CD59 expression disorder, in-vitro cell experiments
were conducted. After anti-B2GPI IgG or control IgG
were added to HTR-8/SVneo cells, we found that DAF
and CD46 levels decreased in cells treated with B2GPI
IgG, in contrast to control IgG (Fig. 2c-d). This indicates
that anti-p2GPI antibody can directly inhibit trophoblast
DAF and CD46 expression.

Western blot analysis and immunohistochemical stain-
ing were used to detect the effects of progesterone and
oestrogen on placental CIP expression and C3 content
in APS model mice. Western blot analysis found that
progesterone can increase DAF expression (Fig. le) in
APS mice placenta, but CD46 levels did not change
(Fig. 1f). Oestrogen had no effect on both DAF and
CD46 expression. Immunohistochemistry experiments
found that DAF undergo a decrease in Mode.G.
(Fig. 3f), with increased C3 depositing in placenta
(Fig. 3b1) and decidua (Fig. 3b2) in contrast to Cont.G.
Compared with Mode.G., DAF levels (Fig. 3g) increased
and C3 levels (Fig. 3cl-c2) decreased in Prog.G. No
significant differences in DAF and C3 levels were
detected between Mode.G. (Fig. 3 b1-b2, f). and Estr.G.
(Fig. 3d1-d2,h). This indicates that progesterone can
up-regulate placental DAF expression and inhibit C3
deposition in the APS mice model, but oestrogen has
no significant effect.
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were calculated (a), decay accelerating factor (DAF) protein levels and C3, interleukin (IL)-1p, IL-8 and tumour necrosis factor (TNF)-a levels tested
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Abundant C3 and proinflammation cytokines found in possibly important role of DAF in maintaining physi-
ological pregnancy, DAF-specific siRNA was injected into
mice to knock-down DAF or control siRNA as a contrast.
DAF highly expressed in normal placenta can negatively Mice placental DAF decreased after DAF siRNA injec-

regulate complement activation. In order to confirm the tion (Fig. 4a,b). We found significantly higher control

DAF-deficient mice placenta
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Gont.G.

Mode.G.

Prog.G.

Estr.G.

Fig. 3. (e) Immunohistochemical staining method was used to detect decay accelerating factor (DAF) (e-h) expression and C3 (al-d1, a2-d2)

deposition in placenta on day 15-5 of pregnancy. Placenta sections of control group (Cont.G.) (al, a2, e), model group (Mode.G.) (b1, b2, f),

progesterone group (Prog.G.) (cl, c2, g) and oestrogen group (Estr.G.) (d1, d2, h) were incubated with goat anti-mouse decay accelerating factor

(DAF) monoclonal antibody (mAb) or goat anti-mouse C3/C3a mAb, followed by rabbit anti-mouse immunoglobulin (Ig)G conjugated to

horseradish peroxidase (HRP) and detected by diaminobenzidine (DAB) and were counterstained with haematoxylin. Positive sites were stained

brown. Results are a representation of experiments performed on at least three independent individual samples (x40 magnification).

siRNA placental C3, IL-1B, IL-8 and TNF-a levels in
mice injected with DAF siRNA (Fig. 4d). Increased fetal
resorption rate (Fig. 4c) and severe placental injuries
were detected in DAF-deficient mice (data not shown).
This indicates that DAF plays an important role in
inhibiting complement activation and inflammation
cytokine secretion to maintain normal pregnancy.

Anti-complement activation and anti-inflammatory
effects of progesterone depend on the expression of
DAF

We have confirmed that progesterone can repair DAF
expression in APS mice placenta, and can obviously inhibit
complement activation and inflammation cytokine secre-
tion. We hypothesized that progesterone may exert its
anti-complement activation and anti-inflammatory effects
by affecting the expression of DAF. To confirm our hypoth-
esis, progesterone or Normal Saline (NS, 0.9% NaCl/
ddH,0,) were injected into DAF-deficient mice (DAF
siRNA pretreated mice). There was no significant differ-
ence in fetal loss rates and placental C3, IL-1p, IL-8 or

TNF-a levels between progesterone and NS-treated mice
(Fig. 4d). We found that DAF-deficient mice lose sensitiv-
ity to progesterone-induced protection on fetal loss and
placenta damage, indicating that DAF is involved in
progesterone-mediated fetal protection.

Progesterone up-regulates DAF expression in HTR-8/
SVneo cells, and may be mediated by classical
progesterone receptor

To further confirm the relationship between progesterone
and DAF protein expression, we conducted two in-vitro
experiments. Progesterone was added to HTR-8/SVneo
cells at gradient concentrations, and we found that cell
DAF levels increased with increasing progesterone con-
centrations (Fig. 2e). Mifepristone, a classical progesterone
receptor inhibitor, was added to HTR-8/SVneo cells at
gradient concentrations, and we found that cell DAF
expression decreased with increasing mifepristone con-
centrations (Fig. 2f), indicating that progesterone can
up-regulate HTR-8/SVneo cell DAF expression, and may
be mediated by classical progesterone receptor.
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Fig. 4. (i) In-vivo siRNA knock-down test. Decay accelerating factor (DAF) siRNA (DAF siR.) or control siRNA (Cont. siR.) were intravenously
injected into mice (2.5 ml/g, volume to weight ratio) started on day 5.5 of pregnancy and were intensified every 3 days until day 15.5 of pregnancy. At
the same time, progesterone (8 ug/kg/day) or an equal volume of NS were injected into mice daily from days 5.5 to 15.5 of pregnancy. DAF levels
(a,b) at different DAF siRNA intervention times (0, 24, 48, 72, 96 h) were tested. Fetal resorption rates (c) calculated, placental DAF, C3, interleukin
(IL)-1p, IL-8 and tumour necrosis factor (TNF)-a levels (d) were tested; *P < 0.05, ns means P > 0.05.

Discussion

Placental vascular thrombosis has previously been con-
sidered to be the key cause of adverse pregnancy out-
comes in APS. However, there are many clinical APS
patients with repeated fetal loss at less than 10 weeks
[26] during which the vascular network between maternal
and fetus is not yet established, and does not rely on
placental circulation to provide nutrients. Mice experi-
ments found that retransmission of aPL antibodies to
mice can even result in infertility [27]. Clinical observa-
tion found that the total effective rate of anti-coagulant
and anti-platelet drugs for APS pathological pregnancy
is only approximately 70% [28,29]. However, corticos-
teroids combined with traditional therapeutic drugs can
improve the pregnancy outcomes of nearly 61% of
patients refractory to conventional anti-coagulant therapy
[30-32], all of which proves indirectly that thrombosis
may be just one of the mechanisms of pathological
pregnancy in APS.

In addition to thrombosis, complement activation and
inflammatory damage were found to be closely related
to the occurrence of adverse pregnancy events in APS.
Researchers found a large number of complement C3

and C4 and activation products such as C3b, C4d and
C5b-9 [33,34] in the placenta of APS patients and APS
model mice. It found that fetal loss frequency, placental
complement deposition, thrombosis and inflammation
damage were significantly relieved in Cb5a-deficient mice
or mice treated with C5aR antagonist peptide. During
pregnancy, oestrogen can stimulate the synthesis of C3
and C4, so it is difficult to accurately judge the actual
consumption of C3 and C4 in APS; thus, just a slight
decrease of C3 and C4 levels were detected in the periph-
eral blood of some patients with obstetric APS, whereas
evidence of complement activation was found in almost
all its placental tissues. Researchers also found that com-
plement inhibitor eculizumab effectively prevented the
recurrence of thrombotic events in one APS patient after
arterial bypass surgery [35], indicating that activation of
complement may also be involved in the occurrence of
vascular thrombosis events in APS patients.

As well as recurrent spontaneous abortions, a significant
increase of complement activation has been also associ-
ated with other pathologies of pregnancy, namely pre-
eclampsia, preterm delivery (PD) and intrauterine growth
retardation (IUGR). Excessive activation of the alternative
pathway of the complement system has been considered
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to be one of the mechanisms responsible for pre-eclampsia
in human pregnancy [36,37]. Women with high circulat-
ing Bb in early pregnancy have an almost 3-8-fold higher
risk to develop pre-eclampsia than normal women. In
addition, complement activation fragments were also con-
sidered as a risk marker for PD [36] and TUGR [37].

Anti-B2-GPI antibody is considered to be an important
antibody leading to APS pathological pregnancy. Anti-
B2-GPI antibody has long been found to be closely related
to pathological changes in APS, and is commonly seen
in ASP patients [38,39]. Injecting B2GPI into actively
immunized mice is a proven effective method for estab-
lishing APS animal models. Therefore, we established an
APS abortion model by actively immunizing mice with
B2-GPL

DAF is one of the CIPs that inhibits the activation of
C3 and C5 convertase to limit the cascade amplification
of complement activation and reduce C3 self-activation.
High levels of DAF are expressed in implantation endo-
metrium [25] and embryonic tissues [40] under normal
physiological conditions to inhibit the excessive activation
of complement and its accompanied damage [23,41].
However, placenta DAF is impaired in patients with abor-
tion, repeated implantation failure and pre-eclampsia
[42-46].

We found fetal loss frequency in DAF-deficient mice
to be significantly increased, with severe complement
activation and inflammatory damage in its placenta. This
indicates that the inhibitory effect of DAF on the com-
plement system is important for maintaining normal
pregnancy in mice.

We also found that placental DAF and CD46 decreased
in APS mice, and in-vivo experiments testified that anti-
B2GPI IgG can directly inhibit DAF expression in HTR-8/
SVneo cells. Anti-B2GPI IgG-mediated trophoblast CIP
expression disorder may be a new, important mechanism
for complement activation and inflammation damage in
APS to mediate pathological pregnancy.

Progesterone and oestrogen are important substances
for maintaining menstruation and pregnancy physiology;
progesterone is sometimes called the ‘hormone of preg-
nancy’ [47]. Progesterone plays an important role in
pregnancy maintenance and fetal development; it changes
the maternal-fetal immune microenvironment in many
ways to participate in the formation of maternal-fetal
immune tolerance [47]. Progesterone gradually increases
after ovulation, and has a high serum level during preg-
nancy. Researchers found that DAF levels increased in
the implantation endometrium and pregnancy placenta.
Our study found that it may be up-regulated by
progesterone.

Progesterone up-regulates placental DAF expression to
inhibit complement activation-mediated thrombosis and

inflammatory damage to protect APS mice model from
fetal loss. Progesterone antagonist experiments and DAF
knock-down experiments further confirmed the influence
of progesterone on DAF expression and its accompanied
protective effects on P2GPI actively immunized mice.

We found that anti-B2GPI IgG can directly inhibit
trophoblast DAF and CD46 expression. Our experiments
reconfirmed the close relationship between complement
activation and APS pathological pregnancy. It was also
found that progesterone supplement can up-regulate DAF
expression in placenta to inhibit complement activation
and its accompanying damage. Our experiments uncovered
a therapeutic mechanism of progesterone in the treatment
of APS mice morbidity pregnancy from the perspective
of complement regulation, and provide evidence for the
use of progesterone in APS patients. Low molecular weight
heparin combined with low-dose aspirin is currently the
first-line treatment for APS abortion [48]. In addition to
traditional anti-coagulation, anti-platelet and immunosup-
pressant agents are involved in APS medication; it has
been confirmed in our experiments that inhibition of
complement activation may be another effective therapeutic
target for APS pathological pregnancy.

We have only observed the effect of progesterone on
the fetal resorption rate in APS mice in this paper.
Progesterone is influential in improving other pathological
pregnancies, such as pre-eclampsia, PD and IUGR associ-
ated with complement activation in APS patients. These
results need further investigation.

DAF, CD46 and CD59 are all expressed in the placenta.
However, CD46 and CD59 were only briefly studied in
this work. Their relationship with normal and pathological
pregnancies and their roles in maintaining pregnancy
needs to be further tested.
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