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Abstract

Women with antiphospholipid syndrome (APS) are at risk of recurrent pregnancy loss and obstetrical disorders, such as
preeclampsia and intrauterine growth restriction (IUGR). Antiphospholipid antibodies (aPL) directly target the placenta by
binding beta2-glycoprotein I (b2GPI) expressed on the trophoblast. We recently demonstrated in human first trimester
trophoblast cells that anti-b2GPI antibodies (Abs) induce the secretion of IL-1b in a Toll-like receptor 4 (TLR4)-dependent
manner. IL-1b secretion requires processing of pro-IL-1b and this is mediated by the inflammasome, a complex of Nalp3,
apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1. The objective of this study was to
determine if aPL induce IL-1b production in trophoblast via the inflammasome. Using a human first trimester trophoblast
cell line, we demonstrated that a mouse anti-b2GPI mAb and human polyclonal aPL-IgG induce IL-1b processing and
secretion, which was partially blocked upon caspase-1 inhibition. Nalp3 and ASC knockdown also attenuated anti-b2GPI Ab-
induced IL-1b secretion. Furthermore, aPL stimulated the production of uric acid in a TLR4-dependent manner; and
inhibition of uric acid prevented aPL-induced IL-1b production by the trophoblast. These findings demonstrate that aPL, via
TLR4 activation, induce a uric acid response in human trophoblast, which in turn activates the Nalp3/ASC inflammasome
leading to IL-1b processing and secretion. This novel mechanism may account for the inflammation at the maternal-fetal
interface, which causes placental dysfunction and increases the risk of adverse pregnancy outcome in patients with APS.
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Introduction

Women with antiphospholipid syndrome (APS) and antiphos-

pholipid antibodies (aPL) are at risk for adverse pregnancy

outcomes, such as recurrent miscarriage, fetal demise, placental

insufficiency, preeclampsia, and intrauterine growth restriction

(IUGR) [1]. Even though pathologic aPL are the common

underlying cause, systemic APS is characterized as primarily a pro-

thrombotic disease, while obstetric APS is primarily a pro-

inflammatory syndrome [2,3]. Studies of aPL-associated pregnan-

cy failure in mice have demonstrated a key role for complement-

mediated injury; and for tissue factor-mediated inflammation,

triggering neutrophil activation and tumor necrosis factor alpha

(TNFa) production [4–7]. In humans, however, the precise

mechanisms are still not as well understood. Nonetheless, there

also appears to be an inflammatory element [8–13], with the

placental trophoblast potentially playing a central role [14].

Antiphospholipid antibodies (aPL) target the placenta by

binding beta2-glycoprotein I (b2GPI) expressed by the trophoblast,

and can directly alter the function of these cells [14–17]. We

recently demonstrated that anti-b2GPI antibodies (Abs) induce

secretion of interleukin-1 beta (IL-1b) by human first trimester

trophoblast cells through the innate immune receptor, Toll-like

receptor 4 (TLR4), and its adaptor protein, MyD88 [16]. IL-1b is

a potent pro-inflammatory cytokine which is important for

mediating host immune responses towards infection [18]. How-

ever, if IL-1b production is excessive or not appropriately

controlled, it can lead to tissue damage and pathology [19].

Indeed various autoimmune diseases have been associated with

elevated IL-1b [20]. Moreover, elevated placental IL-1b has been

associated with pregnancy complications, such as preterm birth

and preeclampsia [21–23].

Since IL-1b has the potential to be damaging, its regulation is

tightly controlled. Unlike most other cytokines, IL-1b production

involves a two-step process. The first step requires induction of

pro-IL-1b expression. This is thought to be triggered through

innate immune signals, such as TLRs. Once expressed, pro-IL-1b
can then be cleaved into its active form and secreted [24]. This

second step is typically mediated by the inflammasome, a protein

PLOS ONE | www.plosone.org 1 June 2013 | Volume 8 | Issue 6 | e65237



complex that facilitates pro-IL-1b processing. The most well

characterized is the Nalp3 inflammasome which, in addition to the

Nod-like receptor, Nalp3 (Nlrp3), contains apoptosis-associated

speck-like protein containing a CARD (ASC) and caspase-1 [25].

Once the inflammasome has assembled, caspase-1 becomes

activated and in turn cleaves pro-IL-1b [24]. The Nalp3/ASC

inflammasome is expressed by human first trimester trophoblast

cells and mediates IL-1b production in response to the Nalp3

agonist and host danger signal, monosodium urate (uric acid) [26].

Therefore, the objective of this study was to understand the

molecular basis for aPL-induced IL-1b secretion by the tropho-

blast, and to determine if the inflammasome is involved.

Materials and Methods

Reagents and Antibodies
The caspase -1 inhibitor (Z-WEHD-FMK) was purchased from

R&D Systems (Minneapolis, MN). Uricase was purchased from

Sigma Aldrich (St Louis, MO). The TLR4 antagonist, LPS from

R. sphaeroides (LPS-RS) was purchased from Invivogen (San Diego,

CA). The rabbit polyclonal antibody to IL-1b (#2022), which

recognizes both the full-length pro and the processed active forms,

was purchased from Cell Signaling Inc. (Danvers, MA). The rabbit

polyclonal antibody for human b-actin was purchased from

Sigma.

Patient Samples
Serums were collected as part of The PROMISSE Study

(Predictors of pRegnancy Outcome: bioMarkers In antiphospho-

lipid antibody Syndrome and Systemic lupus Erythematosus)

[13,27]. This is an ongoing multicenter, National Institutes of

Health-funded prospective observational study of pregnancies of

women with aPL, and systemic lupus erythematosus (SLE), or

both, as well as healthy pregnant controls. Patients were followed

monthly through their pregnancies and data and samples

collected. Seven study sites recruited consecutive pregnant women

referred because of a suspected diagnosis of aPL and/or SLE in

the first trimester of pregnancy. Healthy pregnant controls,

selected among women with no known illness, no prior fetal loss,

no more than one embryonic loss, and at least one successful

pregnancy, were recruited and studied in parallel to the patient

groups. This paper concerns a subset of participants who have aPL

(n = 55) and healthy pregnant controls (n = 113). The Institutional

Review Board at each of the PROMISSE Study sites approved

participation of patients. Written informed consent was obtained

from all participants.

Inclusion criteria were: confirmed positive aPL at two or more

separate time points and at least one positive result in the core

laboratories (see below) during pregnancy, live intrauterine

pregnancy, confirmed by ultrasound, age 18–45 years, ability to

give informed consent, and hematocrit .26%. Exclusion criteria,

chosen so that other non-aPL causes of adverse pregnancy

outcome would not confound the findings were: treatment with

prednisone .20 mg/day, urine protein $1000 mg in 24 hours or

protein/creatinine ratio $1000 mg protein/gram creatinine on

spot urine sample; serum creatinine .1.2 mg/dL; type I or II

diabetes mellitus antedating pregnancy, blood pressure $140/

90 mm mercury at the screening visit, and multi-fetal pregnancy.

PROMISSE patients with SLE were excluded from this study.

Patients were evaluated monthly by an obstetrician and each

trimester by a rheumatologist through three months postpartum

with physician examination, questionnaires, obstetric ultrasounds

and laboratory testing.

In order to be classified as aPL+, at least one of the following

aPL criteria were present at screening or within 2 visits post-

screening as determined by the study core labs: 1) aCL (anti-

cardiolipin): IgG $40 GPL units; IgM $40 MPL units; 2) Positive

LAC (lupus anticoagulant): RVVT (Russell viper venom time),

Kaolin, dilute TTI (tissue thromboplastin inhibition) or PTT LA

(sensitive partial thromboplastin time lupus anticoagulant); 3) Anti-

b2GPI (anti-beta2glycoprotein I): IgG $40 GPL units; IgM $40

MPL units; and at least one of the following must be present: 1)

History of positive aPL pre-pregnancy at local or core lab [History

of Moderate/High aCL (IgG .25 GPL units; IgM .25 MPL

units); 2) History of positive LAC (positive RVVT, Kaolin, dilute

TTI or PTT LA); 3) History of Moderate/High anti-b2GPI (IgG

.25 GPL units; IgM .25 MPL units)], between six weeks and five

years prior to the screening visit; 4) A second positive aPL during

pregnancy (meeting the above aPL criteria); 5) A second positive

aPL at 3MPP (meeting the above aPL criteria).

Primary study outcomes were defined as the occurrence of one

or more of the following: 1) otherwise unexplained fetal death; 2)

neonatal death prior to hospital discharge and due to complica-

tions of prematurity; 3) indicated preterm delivery prior to 36

weeks’ gestation because of gestational hypertension, preeclampsia

or placental insufficiency; 4) birth weight ,5th %ile and/or

delivery before 36 weeks because of IUGR and confirmed by birth

weight ,10th %ile. Serums collected from 20–23 weeks gestation

were analyzed for uric acid levels. From the aPL+ group, 10 of 55

aPL+ patients had an adverse pregnancy outcome (3 fetal deaths, 7

preeclampsia, 2 IUGR), while 4 of 113 healthy controls (aPL2)

had an adverse pregnancy outcome (1 fetal death, 2 preeclampsia,

1 IUGR).

Trophoblast Cells
The human first trimester trophoblast telomerase-transformed

cell line, Sw.71 [28], was used in these studies. Cells were cultured

in DMEM (Gibco-Invitrogen; Grand Island, NY), supplemented

with 10% fetal bovine serum (Hyclone, South Logan, UT),

10 mM Hepes, 0.1 mM MEM non-essential amino acids, 1 mM

sodium pyruvate and 100 nM penicillin/streptomycin (Gibco-

Invitrogen). Cells were maintained at 37̊C/5% CO2. The Sw.71

cells were stably transfected with the pLKO.1 expression plasmids

containing the ASC-shRNA construct, NM_013258.3-718s1c1

(sh-ASC), or a non-target shRNA control, SHC002 (sh-control)

from Sigma Aldrich (St Louis, MO), as previously described

[26,29]. The Sw.71 cells were also transfected with specific shRNA

Nalp3-shRNA (sh-Nalp3) or a mutated targeting sequence as a

negative control (sh-mut), as previously described [29].

Antiphospholipid Antibodies
The mouse IgG1 anti-human b2GPI monoclonal antibody

(anti-b2GPI mAb), IIC5, was used in these studies. This antibody

was produced by one of us (LWC), under sterile conditions, and

was filter-sterilized prior to use. IIC5 was cloned from mice

immunized with purified human b2GPI, and have been previously

characterized [30]. Like human aPL, IIC5 binds b2GPI, but only

when it is immobilized on a suitable negatively charged surface,

such as the phospholipids, cardiolipin or phosphatidyl serine, or

irradiated polystyrene [31]. IIC5 binds to first trimester tropho-

blast cells, and similarly to patient-derived polyclonal aPL, alter

trophoblast function [15,16]. Mouse IgG1, clone 107.3 (BD

Pharmingen, San Jose) served as an isotype control. In addition,

patient-derived total IgG containing aPL (aPL-IgG) was used. This

aPL-IgG was isolated from the sera of a patient with APS, which

was characterized as having high-titer aPL (.140 GPL U),

thromboses, and/or pregnancy losses, with confirmed b2GPI

Inflammasome Activation by Anti-b2GPI Antibodies
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activity. Normal human IgG negative for aPL served as a control

(Sigma).

Western Blot Analysis
For analysis of proteins by Western blot, samples were diluted

with gel loading buffer and boiled for 5 minutes, after which they

were resolved under reducing conditions on 12% SDS-PAGE gels

and then transferred onto PVDF membrane (PerkinElmer,

Boston, MA). Membranes were blocked with 5% fat-free

powdered milk (FFPM) in PBS/0.05% Tween-20 (PBS-T).

Following washes with PBS-T, membranes were incubated

overnight at 4̊C with primary antibody in PBS-T/1% FFPM.

Following this incubation, membranes were washed as before and

then incubated with the goat anti-rabbit IgG secondary antibody

conjugated to peroxidase (Vector Labs; Burlingame, CA) in PBS-

T/1% FFPM. Following washes with PBS-T and then with

distilled water, the peroxidase-conjugated antibody was detected

by enhanced chemiluminescence (PerkinElmer). b-actin was used

as internal control, in addition to Ponceau Red, to validate the

amount of protein loaded onto the gels. Images were recorded and

semi-quantitative densitometry performed using the Gel Logic 100

and Kodak MI software (Eastman Kodak, Rochester, NY).

Measurement of IL-1b, IL-8, and Uric Acid
Trophoblast culture supernatants were analyzed for IL-1b using

an ELISA kit from R&D Systems, for IL-8 using an ELISA kit

from Enzo Life Sciences (Farmingdale, NY). For the measurement

of uric acid, culture supernatants (secreted) and cell lysates

(intracellular) were analyzed using the QuantiChrom assay kit

from BioAssay Systems (Hayward, CA). Uric acid levels in patient

serum were measured by local clinical chemistry laboratories

according to standard procedures.

Statistical Analysis
Data are expressed as mean 6 SD unless otherwise stated.

Statistical significance (p,0.05) was determined using either

Student’s t-tests, Mann-Whitney U test, for multiple comparisons,

one-way ANOVA followed by Bonferroni’s post-hoc test using

Instat and Prism Graphpad software (La Jolla, CA).

Results

Antiphospholipid Antibodies Induce Trophoblast IL-1b
Processing and Secretion in a caspase-1 Dependent
Manner

IL-1b secretion can only occur after pro-IL-1b is processed into

its active form. This is commonly mediated by the Nalp3

inflammasome; a complex of Nalp3 and ASC that subsequently

activates caspase-1, leading to pro-IL-1b processing [24]. We,

therefore, examined whether our previous observation of aPL-

mediated IL-1b secretion by the trophoblast [16] was associated

with its processing. As shown in Figure 1A, the first trimester

trophoblast cell line, Sw.71, secreted significantly elevated levels of

IL-1b: (i) in response to the mouse anti-b2GPI mAb, IIC5; and (ii)

in response to patient-derived aPL-IgG. The mouse and human

IgG controls had no effect on trophoblast IL-1b secretion

(Figure 1A; i & ii). After treatment with the mouse anti-b2GPI

mAb, IIC5, but not the mouse IgG control (mIgG), expression of

the cleaved active form of IL-1b (17 kDa) significantly increased,

as determined by Western Blot analysis (Figure 1B; i). We also

observed a decrease in the endogenous expression of the pro-form

of IL-1b (31 kDa) after treatment with IIC5, when compared to

the NT and mouse IgG controls. However, because of a high level

of background this was difficult to quantify (data not shown).

Similarly, treatment of trophoblast cells with human aPL-IgG, but

not the human IgG control, significantly increased expression of

active IL-1b (Figure 1B; ii). Because of high background caused by

the aPL-IgG and IgG control preparations, we were unable to

clearly see the pro-IL-1b band (data not shown). Having

established trophoblast IL-1b processing and secretion in response

to aPL, we sought to determine the role of caspase-1. The presence

of a caspase-1 inhibitor significantly reduced IIC5-induced IL-1b
processing (Figure 2A), and IIC5-induced IL-1b secretion

(Figure 2B).

Antiphospholipid Antibody-induced Trophoblast IL-1b is
Dependent on ASC and Nalp3

Since aPL-induced IL-1b production by the trophoblast

appeared to utilize caspase-1, we next determined the role of the

Nalp3/ASC inflammasome in this process. We previously

reported that the specific Nalp3 agonist, monosodium urate (uric

acid) [25] can trigger IL-1b production via ASC and Nalp3 in the

Sw.71 trophoblast cell line, indicating that the Nalp3 inflamma-

some is functional in these cells [26,29]. Thus, for this current

study, we used the same Sw.71 cell lines expressing either: (A & C)

shRNA specific for ASC (sh-ASC) or a non-targeting ASC control

(sh-control); or (B & D) shRNA specific for Nalp3 (sh-Nalp3) or a

non-targeting mutant control (Nalp3-mut). The sh-ASC and sh-

Nalp3 expressing trophoblast cells have been characterized to

exhibit reduced ASC and Nalp3 expression, respectively, as well as

reduced function [26,29]. As shown in Figure 3, knockdown of (A)

ASC, or (B) Nalp3 significantly reduced IIC5-induced IL-1b
secretion. However, knockdown of (C) ASC, or (D) Nalp3 did not

reduce IIC5-induced IL-8 secretion (Figure 3).

Antiphospholipid Antibodies Induce Trophoblast Uric
Acid Production via TLR4, which in Turn Triggers IL-
1bproduction

We next questioned how aPL, binding to the trophoblast [16],

are able to trigger activation of the Nalp3 inflammasome. We

previously reported that aPL induce IL-1b secretion via TLR4 and

MyD88 [16]. We, therefore, tested the hypothesis that through

TLR4, aPL could induce a factor that subsequently activates

Nalp3. Treatment of trophoblast cells with the anti-b2GPI mAb,

IIC5, significantly upregulated the intracellular expression and the

secretion of uric acid (Figure 4A; i). Human aPL-IgG also

significantly increased trophoblast intracellular uric acid expres-

sion, but not its secretion (Figure 4A; ii). As shown in Figure 4B,

blocking of TLR4 using the antagonist, LPS-RS, significantly

inhibited (i) uric acid, and (ii) IL-1b production in response to the

anti-b2GPI mAb, IIC5. To further confirm that aPL-induced uric

acid was indeed mediating the IL-1b response, trophoblast cells

were treated with IIC5 in the presence or absence of uricase,

which degrades uric acid. Uricase significantly inhibited IIC5-

induced IL-1b secretion by the trophoblast (Figure 4C).

Serum Uric Acid Levels are Elevated in aPL+ Patients with
Adverse Pregnancy Outcomes

To validate our in vitro findings, we analyzed the serum from

pregnant women with or without aPL at 20–23 weeks gestation for

uric acid and compared the levels in those with and without

pregnancy outcomes. As shown in Table 1, aPL+ patients who had

an adverse pregnancy outcome had significantly higher serum uric

acid levels than pregnant aPL+ patients who had no adverse

pregnancy outcome (p= 0.008). Furthermore, among aPL+

patients, with uric acid .4.7 mg/dL (.2SD above the mean of

Inflammasome Activation by Anti-b2GPI Antibodies
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aPL2 patients), 44% (4 out of 9) had adverse outcomes compared

to 13% (6 out of 46) with uric acid ,4.7 mg/dL (p,0.05). There

was no significant difference in the serum uric acid levels in

healthy controls (aPL2) who had an adverse pregnancy outcome

when compared with those with normal pregnancies (Table 1), but

the number with outcomes was small, thus limiting the power of

our analysis. There were no significant differences in the levels of

uric acid in sera collected at the time of initial screening in the first

trimester (data not shown).

Discussion

APS patients are at high risk for recurrent arterial and venous

thrombosis [2]. Additionally, women with APS are at risk for

recurrent pregnancy loss and late gestational pregnancy compli-

cations, like preeclampsia and IUGR [1–3]. Since pathologic aPL

are strongly associated with thrombosis, historically, pregnancy

failure in APS patients was thought to arise from a thrombotic

event at the maternal-fetal interface. However, intravascular or

intervillous blood clots are not commonly found in miscarriage

samples from APS patients [32]. Instead, in humans, there is often

insufficient placentation [32,33], and indications of inflammation

at the maternal-fetal interface [8–12]. A role for inflammation in

the pathogenesis of adverse pregnancy outcome in APS patients

has been supported by animal models, with complement activation

implicated as a key player in aPL-induced pathology [4–7]. In vitro

studies by our group have further supported a role for

inflammation in aPL-associated pregnancy complications by

showing that anti-b2GPI Abs directly induce human first trimester

trophoblast cells to generate an inflammatory cytokine/chemokine

response via TLR4/MyD88 [26]. One of the factors induced in

the trophoblast by aPL is the potent pro-inflammatory, and

potentially damaging cytokine, IL-1b. The objective of our current

study was to investigate the molecular mechanism by which aPL

induce IL-1b secretion by the trophoblast. Herein, we have

demonstrated for the first time that aPL, through TLR4, induces a

uric acid response, which in turn activates the Nalp3/ASC

inflammasome in the trophoblast, leading to IL-1b processing and

secretion.

Using a human first trimester trophoblast cell line (Sw.71), we

found that, in addition to inducing IL-1b secretion as previously

reported [16], a mouse anti-b2GPI mAb and a patient-derived

aPL-IgG, triggered IL-1b processing, evidenced by the appear-

ance of the cleaved 17 kDa active form. Although typically, the

first step for IL-1b production is the induction of the 31 kDa pro-

form, we have previously reported that untreated first trimester

trophoblast cells express high levels of pro-IL-1b and, therefore, its

induction in these cells may not be a pre-requisite for IL-1b

Figure 1. Antiphospholipid antibodies induce trophoblast IL-1b processing and secretion. Trophoblast cells were either not treated (NT)
or treated with (i) the anti-b2GPI mAb, IIC5 (20 mg/ml) or mouse IgG1 control (mIgG; 20 mg/ml); or (ii) human aPL-IgG (500 mg/ml) or normal human
IgG control (hIgG; 500 mg/ml) for 72 hrs. (A) Barcharts show levels of secreted IL-1b as determined by ELISA. Data are from 5 independent
experiments. *p,0.01 versus the NT control. (B) Trophoblast cells were evaluated for active IL-1b (17 kDa) expression by Western blot (representative
blots are shown). Barcharts below show quantification of protein expression as determined by densitometry and normalized to b-actin. Data are from
3 independent experiments. *p,0.05 versus the NT control.
doi:10.1371/journal.pone.0065237.g001

Inflammasome Activation by Anti-b2GPI Antibodies
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processing and secretion [26]. Indeed, treatment of trophoblast

cells with anti-b2GPI Ab did not induce pro-IL-1b expression, but

instead decreased levels of the endogenous protein, similarly to

what we have observed when the cells are treated with the Nalp3

agonist, monosodium urate [26].Thus, the dependency of TLR4

in mediating IL-1b secretion by the trophoblast [16], appears not

to be for the induction of pro-IL-1b, as reported in other systems

[34].

Using an inhibitor of caspase-1 activity, we demonstrated that

aPL-induced IL-1b processing and secretion is regulated by

caspase-1, indicating a potential role for the inflammasome in

aPL-mediated IL-1b production. Since we previously reported

that the Nalp3/ASC inflammasome was expressed and functional

in the trophoblast, we tested its role in aPL-induced IL-1b. Anti-

b2GPI mAb-induced IL-1b secretion, but not IL-8, was reduced

when ASC and Nalp3 expression was inhibited. Together these

findings indicate a role for the Nalp3/ASC inflammasome in aPL-

induced IL-1b production by the trophoblast. However, these

findings still did not explain the link between aPL-induced TLR4

activation [16], and the induction of inflammasome activation.

We, therefore, postulated that a secondary factor might be

produced in response to aPL, under the regulation of TLR4, that

could specifically activate Nalp3.

Based on previous findings that exogenous uric acid triggers

Nalp3 activation in the trophoblast [26], and that endogenously

produced uric acid could activate the Nalp3 inflammasome and

IL-1b in other systems [35–37], we pursued this as a candidate.

Indeed, the anti-b2GPI mAb increased intracellular and secreted

uric acid levels. Moreover, inhibition of TLR4 using the

antagonist LPS-RS, which primarily blocks TLR4/MD2 signaling

[38], prevented the anti-b2GPI mAb-induced uric acid response,

as well as IL-1bsecretion. Patient aPL-IgG also increased

Figure 2. Antiphospholipid antibody-induced trophoblast IL-
1b is dependent upon caspase-1. Trophoblast cells were either not
treated (NT) or treated with the anti-b2GPI mAb, IIC5 (20 mg/ml), all in
the presence of media or the caspase-1 inhibitor (5 mM) for 72 hrs. (A)
Active IL-1b (17 kDa) expression was evaluated by Western blot. (B)
Barchart shows IIC5-induced IL-1b secretion as determined by ELISA
and expressed as fold change relative to the untreated control. Data are
from 4 independent experiments (*p,0.05).
doi:10.1371/journal.pone.0065237.g002

Figure 3. Antiphospholipid antibody-induced trophoblast IL-1b is dependent on ASC and Nalp3. Trophoblast transfected to express
either (A & C) shRNA for ASC (sh-ASC) or a control sequence (sh-control) (n = 5); or (B & D) shRNA for Nalp3 (sh-Nalp3) or a Nalp3 mutated targeting
sequence (Nalp3-mut) (n = 4), were either not treated (NT) or treated with the anti-b2GPI mAb, IIC5 (20 mg/ml) for 72 hrs. Culture supernatants were
measured for (A & B) IL-1b and (C & D) IL-8 by ELISA. *p,0.05; **p,0.001 versus the NT control, unless indicated otherwise.
doi:10.1371/journal.pone.0065237.g003

Inflammasome Activation by Anti-b2GPI Antibodies
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intracellular uric acid levels in the trophoblast, however, its

secretion was not affected. Why the polyclonal aPL-IgG had no

effect on secreted uric acid might be a reflection of their fine

specificity and heterogeneity. Alternatively, this might be a

question of antibody concentration. Since the patient-derived

aPL used in this study are a mixture of aPL-IgG and non-aPL-IgG

the concentration of anti-b2GPI antibodies in this preparation may

be much lower than our monoclonal antibody. Indeed this is

reflected in the levels of IL-1b produced; the aPL-IgG generates a

less robust response than the mAb. However, what this data does

indicate is that both intracellularly produced as well as secreted

uric acid might play a role in subsequent inflammasome

activation. While we believe this is the first direct demonstration

that TLR4 activation triggers uric acid production, a study using

monocytic THP-1 cells reported that viral ssRNA, the agonist for

human TLR8, induces uric acid [39]. Having determined that

aPL induce trophoblast uric acid production via TLR4, we then

went on to confirm its role in aPL-mediated IL-1b production. To

do this, we tested the effect of uricase, a compound which rapidly

degrades uric acid. The presence of uricase inhibited aPL-induced

Figure 4. Antiphospholipid antibodies induce trophoblast uric acid production by trophoblasts via TLR4, which in turn triggers IL-
1bproduction. (A) Trophoblast cells were either not treated (NT) or treated with (i & ii) the anti-b2GPI mAb, IIC5 (20 mg/ml) or mouse IgG1 control
(mIgG; 20 mg/ml) for 24, 48 and 72 hrs; or (iii) aPL-IgG (500 mg/ml) for 72 hrs. Cell lysates (intracellular) and supernatants (secreted) were measured for
uric acid. Data are from 4–6 independent experiments. *p,0.05; **p,0.001 versus the NT control. (B) Trophoblast cells were pretreated with either
media or the TLR4 antagonist, LPS-RS (10 mg/ml) for 30 mins before cells were then treated with or without the anti-b2GPI mAb, IIC5 (20 mg/ml) for
72 hrs. Barcharts show levels of IIC5-induced: (i) secreted uric acid and (ii) secreted IL-1b, expressed as fold change relative to the untreated control.
Data are from 4 independent experiments (*p,0.01). (C) Trophoblast cells were treated with or without the anti-b2GPI mAb, IIC5 (20 mg/ml) in the
presence of media or uricase for 72 hrs. Barchart shows levels of IIC5-induced IL-1b secretion, expressed as fold change relative to the untreated
control. Data are from 3 independent experiments (*p,0.05).
doi:10.1371/journal.pone.0065237.g004

Table 1. Uric acid levels in serum from aPL2 and aPL+ PROMISSE patients at 20–23 weeks gestation.

aPL2 No adverse pregnancy outcome Adverse pregnancy outcome

Number of patients 109 4

Mean uric acid (mg/dL) 3.26 3.95

SEM 0.07 0.32

Range 2.0–6.0 3.1–4.6

p value vs. No outcome* 0.053

aPL+ No adverse pregnancy outcome Adverse pregnancy outcome

Number of patients 45 10

Mean uric acid (mg/dL) 3.56 4.54

SEM 0.16 0.33

Range 1.4–7.3 3.1–5.9

p value vs. No outcome* 0.008

*Based on Mann-Whitney U test.
doi:10.1371/journal.pone.0065237.t001
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IL-1b secretion. Together, these findings suggest that aPL via

TLR4 upregulates intracellular uric acid, which in turn activates

Nalp3, leading to inflammasome activation, and thus, IL-1b
processing and secretion.

Since the aPL-induction of first trimester trophoblast uric acid

appears to play an upstream role in the cell’s IL-1b response, we

sought to validate our in vitro findings by evaluating serum uric

acid levels in aPL2 and aPL+ patients enrolled in the PROMISSE

study [13]. We found that while uric acid levels were similar in the

first trimester, aPL+ patients who presented with an adverse

pregnancy outcome had significantly higher circulating uric acid

than those with normal pregnancies at 20–23 weeks gestation. Of

aPL+ patients with uric acid levels.2 SD above the mean for

aPL2 patients, 44% had adverse pregnancy outcomes. Although

we cannot determine whether elevated uric acid in aPL+ patients

with pregnancy complications is a cause or consequence of

placental dysfunction from our data, taken together they support

the notion that the source as well as the target of excess uric acid in

aPL-associated adverse pregnancies may be the placenta [40].

That circulating levels of uric acid were not significantly elevated

until the second trimester, may be because serum levels of uric acid

depend upon its production and clearance [41]. While aPL may be

acting on the trophoblast to induce uric acid locally during the first

trimester, as well as the second trimester, differences may not be

reflected in the circulation until the second trimester because by

this point is gestation, filtration may not keep up with the increased

production induced by aPL and levels accumulate over time.

In summary, we have shown for the first time that trophoblast

IL-1b production in response to aPL involves TLR4 mediated uric

acid production, and subsequent Nalp3/ASC inflammasome

activity. This may provide a novel mechanism for the induction

of inflammation at the maternal-fetal interface leading to placental

dysfunction and adverse pregnancy outcome in patients with APS.

Author Contributions

Conceived and designed the experiments: VMA JES LWC. Performed the

experiments: MM CMB. Analyzed the data: VMA JES. Contributed

reagents/materials/analysis tools: JES LWC PBK. Wrote the paper: VMA

MM JJB LWC JES PBK.

References

1. Tincani A, Bazzani C, Zingarelli S, Lojacono A (2008) Lupus and the

antiphospholipid syndrome in pregnancy and obstetrics: clinical characteristics,

diagnosis, pathogenesis, and treatment. Semin Thromb Hemost 34: 267–273.

2. Salmon JE, de Groot PG (2008) Pathogenic role of antiphospholipid antibodies.

Lupus 17: 405–411.

3. Meroni PL, Borghi MO, Raschi E, Tedesco F (2011) Pathogenesis of

antiphospholipid syndrome: understanding the antibodies. Nat Rev Rheumatol

7: 330–339.

4. Berman J, Girardi G, Salmon JE (2005) TNF-a is a critical effector and a target

for therapy in antiphospholipid antibody-induced pregnancy loss. J Immunol

174: 485–490.

5. Girardi G, Berman J, Redecha P, Spruce L, Thurman JM, et al. (2003)

Complement C5a receptors and neutrophils mediate fetal injury in the

antiphospholipid syndrome. J Clin Invest 112: 1644–1654.

6. Holers VM, Girardi G, Mo L, Guthridge JM, Molina H, et al. (2002)

Complement C3 activation is required for antiphospholipid antibody-induced

fetal loss. J Exp Med 195: 211–220.

7. Redecha P, Tilley R, Tencati M, Salmon JE, Kirchhofer D, et al. (2007) Tissue

factor: a link between C5a and neutrophil activation in antiphospholipid

antibody induced fetal injury. Blood 110: 2423–2431.

8. Butterworth BH, Greer IA, Liston WA, Haddad NG, Johnston TA (1991)

Immunocytochemical localization of neutrophil elastase in term placenta

decidua and myometrium in pregnancy-induced hypertension. Br J Obstet

Gynaecol 98: 929–933.

9. Keelan JA, Yang J, Romero RJ, Chaiworapongsa T, Marvin KW, et al. (2004)

Epithelial cell-derived neutrophil-activating peptide-78 is present in fetal

membranes and amniotic fluid at increased concentrations with intra-amniotic

infection and preterm delivery. Biol Reprod 70: 253–259.

10. Reister F, Frank HG, Kingdom JC, Heyl W, Kaufmann P, et al. (2001)

Macrophage-induced apoptosis limits endovascular trophoblast invasion in the

uterine wall of preeclamptic women. Lab Invest 81: 1143–1152.

11. Stallmach T, Hebisch G, Orban P, Lu X (1999) Aberrant positioning of

trophoblast and lymphocytes in the feto-maternal interface with pre-eclampsia.

Virchows Arch 434: 207–211.

12. Wilczynski JR, Tchorzewski H, Banasik M, Glowacka E, Wieczorek A, et al.

(2003) Lymphocyte subset distribution and cytokine secretion in third trimester

decidua in normal pregnancy and preeclampsia. Eur J Obstet Gynecol Reprod

Biol 109: 8–15.

13. Salmon JE, Heuser C, Triebwasser M, Liszewski MK, Kavanagh D, et al. (2011)

Mutations in complement regulatory proteins predispose to preeclampsia: a

genetic analysis of the PROMISSE cohort. PLoS Med 8: e1001013.

14. Abrahams VM (2009) Mechanisms of antiphospholipid antibody-associated

pregnancy complications. Thromb Res 124: 521–525.

15. Carroll TY, Mulla MJ, Han CS, Brosens JJ, Chamley LW, et al. (2011)

Modulation of trophoblast angiogenic factor secretion by antiphospholipid

antibodies is not reversed by heparin. Am J Reprod Immunol 66: 286–296.

16. Mulla MJ, Brosens JJ, Chamley LW, Giles I, Pericleous C, et al. (2009)

Antiphospholipid antibodies induce a pro-inflammatory response in first

trimester trophoblast via the TLR4/MyD88 pathway. Am J Reprod Immunol

62: 96–111.

17. Mulla MJ, Myrtolli K, Brosens JJ, Chamley LW, Kwak-Kim JY, et al. (2010)

Antiphospholipid Antibodies Limit Trophoblast Migration by Reducing IL-6

Production and STAT3 Activity. Am J Reprod Immunol 63: 339–348.

18. Dinarello CA (2009) Immunological and inflammatory functions of the
interleukin-1 family. Annu Rev Immunol 27: 519–550.

19. Matsuura E, Lopez LR, Shoenfeld Y, Ames PR (2012) b2-glycoprotein I and

oxidative inflammation in early atherogenesis: A progression from innate to
adaptive immunity? Autoimmun Rev. 2: 241–249.

20. Lane T, Lachmann HJ (2011) The emerging role of interleukin-1b in
autoinflammatory diseases. Curr Allergy Asthma Rep 11: 361–368.

21. Hirsch E, Blanchard R, Mehta SP (1999) Differential fetal and maternal

contributions to the cytokine milieu in a murine model of infection-induced
preterm birth. Am J Obstet Gynecol 180: 429–434.

22. Rinehart BK, Terrone DA, Lagoo-Deenadayalan S, Barber WH, Hale EA, et al.
(1999) Expression of the placental cytokines tumor necrosis factor a, interleukin

1b, and interleukin 10 is increased in preeclampsia. Am J Obstet Gynecol 181:
915–920.

23. Munno I, Chiechi LM, Lacedra G, Putignano G, Patimo C, et al. (1999)

Spontaneous and induced release of prostaglandins, interleukin (IL)-1b, IL-6,

and tumor necrosis factor-a by placental tissue from normal and preeclamptic
pregnancies. Am J Reprod Immunol 42: 369–374.

24. Netea MG, Simon A, van de Veerdonk F, Kullberg BJ, Van der Meer JW, et al.

(2010) IL-1b processing in host defense: beyond the inflammasomes. PLoS
Pathog 6: e1000661.

25. Jin C, Flavell RA (2010) Molecular Mechanism of NLRP3 Inflammasome
Activation. J Clin Immunol 30: 628–631.

26. Mulla MJ, Myrtolli K, Potter J, Boeras C, Kavathas PB, et al. (2011) Uric acid

induces trophoblast IL-1b production via the inflammasome: implications for
the pathogenesis of preeclampsia. Am J Reprod Immunol 65: 542–548.

27. Lockshin MD, Kim M, Laskin CA, Guerra M, Branch DW, et al. (2012)
Prediction of adverse pregnancy outcome by the presence of lupus anticoag-

ulant, but not anticardiolipin antibody, in patients with antiphospholipid
antibodies. Arthritis Rheum 64: 2311–2318.

28. Straszewski-Chavez SL, Abrahams VM, Alvero AB, Aldo PB, Ma Y, et al.

(2009) Isolation and Characterization of a Novel Telomerase Immortalized First

Trimester Trophoblast Cell Line, Swan 71. Placenta 30: 939–948.

29. Kavathas PB, Boeras CM, Mulla MJ, Abrahams VM (2013) Nod1, but not the
ASC inflammasome, contributes to induction of IL-1b secretion in human

trophoblasts after sensing of Chlamydia trachomatis. Mucosal Immunol 6: 234–243.

30. Chamley LW, Konarkowska B, Duncalf AM, Mitchell MD, Johnson PM (2001)

Is interleukin-3 important in antiphospholipid antibody-mediated pregnancy
failure? Fertil Steril 76: 700–706.

31. Chamley LW, Duncalf AM, Konarkowska B, Mitchell MD, Johnson PM (1999)

Conformationally altered b2-glycoprotein I is the antigen for anti-cardiolipin
autoantibodies. Clin Exp Immunol 115: 571–576.

32. Sebire NJ, Fox H, Backos M, Rai R, Paterson C, et al. (2002) Defective

endovascular trophoblast invasion in primary antiphospholipid antibody

syndrome-associated early pregnancy failure. Hum Reprod 17: 1067–1071.

33. Bose P, Kadyrov M, Goldin R, Hahn S, Backos M, et al. (2006) Aberrations of
early trophoblast differentiation predispose to pregnancy failure: lessons from the

anti-phospholipid syndrome. Placenta 27: 869–875.

34. Netea MG, van de Veerdonk FL, Kullberg BJ, Van der Meer JW, Joosten LA

(2008) The role of NLRs and TLRs in the activation of the inflammasome.
Expert Opin Biol Ther 8: 1867–1872.

35. Griffith JW, Sun T, McIntosh MT, Bucala R (2009) Pure Hemozoin is

inflammatory in vivo and activates the NALP3 inflammasome via release of uric
acid. J Immunol 183: 5208–5220.

Inflammasome Activation by Anti-b2GPI Antibodies

PLOS ONE | www.plosone.org 7 June 2013 | Volume 8 | Issue 6 | e65237



36. Gasse P, Riteau N, Charron S, Girre S, Fick L, et al. (2009) Uric acid is a danger

signal activating NALP3 inflammasome in lung injury inflammation and fibrosis.

Am J Respir Crit Care Med 179: 903–913.

37. Correa-Costa M, Braga TT, Semedo P, Hayashida CY, Bechara LR, et al.

(2011) Pivotal role of Toll-like receptors 2 and 4, its adaptor molecule MyD88,

and inflammasome complex in experimental tubule-interstitial nephritis. PLoS

One 6: e29004.

38. Coats SR, Pham TT, Bainbridge BW, Reife RA, Darveau RP (2005) MD-2

mediates the ability of tetra-acylated and penta-acylated lipopolysaccharides to

antagonize Escherichia coli lipopolysaccharide at the TLR4 signaling complex.

J Immunol 175: 4490–4498.
39. Nicholas SA, Bubnov VV, Yasinska IM, Sumbayev VV (2011) Involvement of

xanthine oxidase and hypoxia-inducible factor 1 in Toll-like receptor 7/8-

mediated activation of caspase 1 and interleukin-1b. Cell Mol Life Sci 68: 151–
158.

40. Many A, Hubel CA, Roberts JM (1996) Hyperuricemia and xanthine oxidase in
preeclampsia, revisited. Am J Obstet Gynecol 174: 288–291.

41. Martin AC, Brown MA (2010) Could uric acid have a pathogenic role in pre-

eclampsia? Nat Rev Nephrol 6: 744–748.

Inflammasome Activation by Anti-b2GPI Antibodies

PLOS ONE | www.plosone.org 8 June 2013 | Volume 8 | Issue 6 | e65237


