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ARTICLE INFO ABSTRACT

Keywords: Women with antiphospholipid antibodies (aPL) are at high risk for pregnancy complications, such as pre-
Antiphospholipid antibody eclampsia. We previously demonstrated that aPL recognizing B,GPI promote an extravillous trophoblast pro-
TTOPthlaSt inflammatory, anti-migratory and anti-angiogenic profile similar to that seen in preeclampsia. Since pre-
Ei‘f:;:ation eclampsia in the absence of aPL may have an underlying infectious element, women with aPL may be at in-

creased risk for preeclampsia or other adverse outcomes if an infection is present. Our objective was to determine
the impact the common bacterial component, muramyl dipeptide (MDP), has on trophoblast responses to aPL.
Herein, we report that bacterial MDP amplifies trophoblast IL-13 expression, processing, and secretion in the
presence of aPL through activation of NOD2. In the absence of MDP, NOD2 also mediates anti- 3,GPI antibody-
induced trophoblast IL-13 and VEGF secretion. Additionally, we report a role for extravillous trophoblast vi-
mentin as a novel danger signal that contributes to the aPL-induced trophoblast IL-1f3 production. Together our
data indicate that NOD2 mediates trophoblast inflammatory and angiogenic responses to aPL alone, and med-
iates trophoblast inflammation in the presence of bacterial MDP. These findings suggest that a bacterial infection
at the maternal-fetal interface may exacerbate the impact aPL have on trophoblast inflammation and, thus, on
pregnancy outcome.

Nod-like receptor

1. Introduction In vitro, aPL recognizing ,GPI trigger human first trimester extra-

villous trophoblast cells to produce elevated levels of pro-inflammatory

Obstetric antiphospholipid syndrome (APS) occurs in women with
aPL that target the placental trophoblast and uterine endothelium [1].
Adverse outcomes such as recurrent pregnancy loss (RPL), preeclampsia
or intrauterine growth restriction (IUGR) are common complications in
women with aPL [2]. However, it is currently impossible to predict
which pregnancies are destined for which adverse outcome. While
systemic APS is a pro-thrombotic disorder, obstetric APS arises from
inflammation at the maternal-fetal interface; and placental in-
sufficiency associated with reduced trophoblast invasion and limited
uterine spiral artery remodeling [3]. This pathology is caused by aPL
recognizing beta, glycoprotein I (3,GPI) and preferentially binding to
the placental trophoblast early in pregnancy, leading to placental dys-
function and impaired placentation [1,4].

IL-1B and IL-8 [5,6]; inhibit spontaneous trophoblast migration [7];
increase trophoblast anti-angiogenic sEndoglin secretion [8]; and dis-
rupt trophoblast-endothelial interactions in a model of spiral artery
transformation [9]. Thus, aPL promotes an extravillous trophoblast pro-
inflammatory, anti-migratory and anti-angiogenic profile similar to that
seen in preeclampsia [10]; which may explain the decidual inflamma-
tion and impaired placentation seen in histological samples from aPL-
positive patients [3]. The mechanisms by which this arises are, in part,
through activation of innate immune signaling pathways. aPL induce
the trophoblast to secrete IL-1p and IL-8 via activation of Toll-like re-
ceptor 4 (TLR4) [5,6]. Downstream of TLR4, IL-1f3 secretion is mediated
by the induction of endogenous uric acid, which in turn activates the
NOD-like receptor (NLR), NLRP3, leading to inflammasome activation,
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and subsequent IL-1f [5,6]. In parallel and downstream of TLR4, IL-8
secretion is mediated by the induction of miR-146a-3p, which in turn
activates the RNA sensor, TLR8 [11].

While environmental exposures like infection may contribute to the
origin of APS [12], infection may also contribute to the end-organ da-
mage in these diseases. Indeed, such a scenario has been proposed for
systemic APS where vascular thrombosis requires aPL and a second hit,
such as bacterial LPS [1,13,14]. Furthermore, in addition to aPL, in-
fection represents another risk factor for preeclampsia [15,16]. Bac-
terial and viral infections have been associated with preeclampsia
[17,18]; and increase a woman's risk for preeclampsia by 2-fold [17].
Based on this, a woman with APS may be at increased risk for devel-
oping preeclampsia in the presence of an infection.

In this study we report that the peptidoglycan-derived peptide
muramyl dipeptide (MDP), that is common to all bacteria, synergisti-
cally augmented human trophoblast IL-1(3 production in the presence of
aPL through activation of the NLR, NOD2. Additionally we report a role
for trophoblast vimentin as a novel danger signal and endogenous
mediator of NOD2 activation in response to aPL that contributes to
trophoblast IL-1p and VEGF production in the absence of an infection.

2. Materials and methods
2.1. Reagents

The NOD2 agonist, bacterial muramyl dipeptide (MDP) was pur-
chased from Invivogen, and based on previous studies was used at a
concentration 1 pg/ml [19].

2.2. Trophoblast cell lines

The human first trimester extravillous trophoblast telomerase-
transformed cell line, Sw.71 [20], was used. As an extravillous tro-
phoblast cell, they express the mesenchymal marker vimentin [20];
similarly to primary extravillous trophoblast cells [21-24]. Sw.71 cells
were also stably transfected with the pDeNy plasmid containing a
human NOD2-dominant negative (DN) (Invivogen).

2.3. Antiphospholipid antibodies

This study used the aPL, IIC5, which is a mouse IgG1 anti-human
B2GPI monoclonal antibody (mAb). Like patient-derived polyclonal
aPL, IIC5 binds B,GPI when immobilized on a negatively charged sur-
face such as the phospholipids, cardiolipin, phosphatidyl serine or ir-
radiated polystyrene, and thus behaves as both an anti-cardiolipin and
anti-B,GPI antibody (Ab) [25]. IIC5 reacts specifically with an epitope
within domain V of B,GPI [26]. Furthermore, IIC5 has pronounced
lupus anticoagulant activity and thus is a “triple positive” aPL [27].
IIC5 is an appropriate model for human aPL since they share similar
epitopes; IIC5 can block human polyclonal aPL binding to (3,GPI [28].
Moreover, IIC5 binds to human first trimester extravillous trophoblast
[5,29], and alters their function in a similar fashion to patient-derived
polyclonal aPL-IgG [6], and polyclonal IgG aPL recognizing [,GPI
[5,8]. Mouse IgG1 clone 107.3 (BD Biosciences) was used as an isotype
control. Trophoblast were treated with aPL or the IgG isotype control at
20 pg/ml [5-8,11]. In addition, patient-derived total IgG containing
aPL (aPL-IgG) was used at 500 ug/ml. 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 (,GPI activity [6]. Normal human IgG negative for aPL
served as a control (Sigma).

2.4. Western blot

Western blot analysis was performed as described [6]. Pro-IL-13
(31 kDa) was detected using the rabbit anti-human polyclonal antibody
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(#2022) from Cell Signaling Technology (Danvers, MA). NLRP3 was
detected using the rabbit anti-human mAb (D2P5E) from Cell Signaling
Technology. HSP90 was used as internal control and was detected using
the mouse mAb (sc-13119) from Santa Cruz Biotechnology (Santa Cruz,
CA). Images were recorded and semi-quantitative densitometry per-
formed using the Gel Logic 100 and Kodak MI software (Eastman
Kodak, Rochester, NY) and normalized to HSP90.

2.5. RNA isolation and quantitative reverse transcription-polymerase chain
reaction (qQRT-PCR)

Trophoblast cell RNA was extracted using TRIzol and expression of
IL1B mRNA was measured by qRT-PCR using the KAPA SYBR FAST
qPCR kit (Kapa Biosystems, Wilmington, MA). GAPDH was used as an
internal control.

2.6. Measurement of cytokines, angiogenic factors, uric acid, and caspase-1
activity

Trophoblast culture supernatants were analyzed for IL-1f3, VEGF,
PIGF, sEndoglin, and sFlt-1 using ELISA kits from R&D Systems
(Minneapolis, MN); and for IL-8 using an ELISA kit from Enzo Life
Sciences (Farmingdale, NY). For the measurement of uric acid, super-
natants were analyzed using the QuantiChrom assay kit from BioAssay
Systems (Hayward, CA). Caspase-1 activity was measured using the
caspase-glo 1 inflammasome assay from Promega (Madison, WI).

2.7. Trophoblast migration

Trophoblast migration was measured using a two-chamber colori-
metric assay from EMD Millipore (Billerica, MA) as described [7,11].

2.8. Statistical analysis

Each treatment experiment was performed at least three times. All
analyses were performed in duplicate or triplicate. All data are reported
as mean * standard error of the mean (SEM) of pooled experiments.
The number of independent experiments that data were pooled from
are indicated in the figure legends as “n=". Statistical significance was
set at p < 0.05 and determined using Prism Software (Graphpad, Inc;
La Jolla, CA). For normally distributed data, significance was de-
termined using either one-way analysis of variance (ANOVA) for mul-
tiple comparisons or a t-test. For data not normally distributed, sig-
nificance was determined using a non-parametric multiple comparison
test for multiple comparisons or the wilcoxon matched-pairs signed
rank test.

3. Results

3.1. Bacterial MDP synergistically augments aPL-induced trophoblast IL-1f
secretion

As previously reported [5,8], treatment of trophoblast cells with aPL
(anti-B>GPI mAb) significantly increased the secretion of: (A) IL-1f3; (B)
IL-8; (C) PIGF; (D) VEGF; and (E) sEndoglin compared to the no treat-
ment (NT) control, while the IgG control had no effect on these factors
(Fig. 1). Also as previously reported [8], aPL did not significantly alter
trophoblast sFlt-1 production (Fig. 1F).

Treatment of trophoblast with bacterial MDP alone had no effect on
inflammatory IL-1 secretion under NT or IgG control conditions
(Fig. 1A). However, MDP in combination with aPL significantly and
synergistically augmented IL-1( secretion by 2.0 = 0.3 fold when
compared to aPL alone, and by 6.3 = 1.1 fold when compared to the
NT control (Fig. 1A). Treatment of trophoblast with bacterial MDP
alone significantly increased inflammatory IL-8 secretion by 1.7 = 0.3
fold compared to the NT control (Fig. 1B) as previously reported [19].
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Fig. 1. Bacterial MDP synergistically augments anti-32GPI mAb-induced trophoblast IL-1f. Sw.71 cells were treated with no treatment (NT), anti-32GPI mAb
(aPL) or mouse IgG control (IgG) in the presence of media or MDP (n = 9-11). After 72 h supernatants were collected and measured for: A) IL-1(3; B) IL-8; C) PIGF; D)
VEGF; E) sEndoglin; and F) sFlt-1. p < 0.05 relative to the NT control under each condition (media or MDP) unless otherwise indicated.

Similarly, in the presence of control IgG, MDP significantly increased
IL-8 secretion by 1.5 + 0.4 fold when compared to the NT control
(Fig. 1B). MDP, in combination with aPL, also significantly augmented
IL-8 secretion by 1.5 * 0.2 fold when compared to aPL alone, and by
3.6 = 0.6 fold when compared to the NT control (Fig. 1B). This aug-
mentation was an additive effect of the combined MDP and aPL on
trophoblast IL-8 secretion.

Bacterial MDP alone significantly reduced trophoblast pro-angio-
genic PIGF secretion compared to the NT control (Fig. 1C), but had no
effect on the secretion of pro-angiogenic VEGF (Fig. 1D). However
MDP, in combination with either aPL or control IgG, had no effect on
the secretion of (C) PIGF; or (D) VEGF (Fig. 1).

Treatment of trophoblast with bacterial MDP alone had no effect on
anti-angiogenic (E) sEndoglin; or (F) sFlt-1 secretion compared to the
NT control (Fig. 1). MDP in combination with aPL, significantly aug-
mented sEndoglin secretion by 1.3 * 0.1 fold compared to aPL alone;
and by 1.7 + 0.2 fold compared to the NT control (Fig. 1E). This in-
dicted a synergistic effect. However, in the presence of control IgG,
MDP also significantly augmented sEndoglin secretion by 1.6 = 0.0
fold compared to IgG alone, indicating this was a non-specific effect
(Fig. 1E). Bacterial MDP in combination with aPL or control IgG did not
significantly alter trophoblast sFlt-1 secretion (Fig. 1F).

As previously reported [7], treatment of trophoblast with aPL sig-
nificantly reduced their ability to spontaneously migrate by
44.2 = 7.4% compared to the NT and IgG controls. MDP, either alone
or in combination with aPL or control IgG, had no effect on trophoblast
migration (data not shown).

As shown in Fig. 2, our findings were validated using patient-de-
rived aPL-IgG with B,GPI activity. Similar to previous studies using
either aPL-IgG [6] or purified patient-derived anti-B,GPI aPL [5],
treatment of trophoblast cells with aPL-IgG significantly increased the
secretion of IL-13 by 2.3 = 0.6 fold compared to the no treatment (NT)
control, while the human IgG control had no effect (Fig. 2A). MDP in
combination with aPL significantly and synergistically augmented IL-1f3
secretion by 1.4 + 0.2 fold when compared to aPL alone, and by
3.21 + 0.8 fold when compared to the NT control, supporting our data
using the anti-B,GPI mAb (Fig. 2A). Also, similar to previous studies
using purified patient-derived anti-B,GPI aPL [5], aPL-IgG, but not
human control IgG, significantly increased trophoblast secretion of (E)
sEndoglin and (F) sFlt-1, while (B) IL-8, (C) PIGF and (D) VEGF were
not altered (Fig. 2). Furthermore, similarly to our findings using the
anti-B,GPI mAb aPL, MDP had no specific or significant effect on tro-
phoblast production of these factors under aPL-IgG conditions (Fig. 2).
Thus, MDP specifically augmented trophoblast aPL-induced IL-1f se-
cretion.

3.2. Bacterial MDP does not modulate endothelial responses to aPL

To see whether the effects of bacterial MDP on trophoblast re-
sponses to aPL were unique to this cell type, we examined another cell
found at the maternal-fetal interface. Human endometrial endothelial
cells (HEECs) can also be a target for aPL and generate a response that is
distinct from the trophoblast [30]. aPL increased HEEC secretion of
anti-angiogenic sFlt-1 and pro-angiogenic VEGF and PIGF; while
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Fig. 2. Bacterial MDP synergistically augments patient aPL-IgG-induced trophoblast IL-13. Sw.71 cells were treated with no treatment (NT), aPL-IgG or human
IgG control (IgG) in the presence of media or MDP (n = 8). After 96h supernatants were collected and measured for: A) IL-1(; B) IL-8; C) PIGF; D) VEGF; E) sEndoglin;
and F) sFlt-1. p < 0.05 relative to the NT control under each condition (media or MDP) unless otherwise indicated.

inhibiting basal secretion of the chemokines MCP-1, G-CSF and GRO-a
(Supplemental Fig. 1) [30]. Bacterial MDP alone significantly increased
HEEC secretion of (B) IL-8; and (D) GRO-a, confirming functional
NOD?2 in these cells [31] (Supplemental Fig. 1). However, MDP had no
effect on the ability of aPL to inhibit HEEC secretion of (C) MCP-1, (D)
GRO-a, or (E) G-CSF; nor did MDP alter the ability of aPL to upregulate
HEEC secretion of (F) sFlt-1, (H) PIGF or (I) VEGF (Supplemental
Fig. 1). Furthermore, MDP had no effect on HEEC (A) IL-1p, (B) IL-8, or
(G) sEndoglin in the presence of aPL (Supplemental Fig. 1).

3.3. Bacterial MDP augments trophoblast pro-IL-1f expression under aPL
conditions

Having determined that bacterial MDP synergistically augmented
aPL-induced IL-1p secretion by the trophoblast, we sought to determine
which upstream mediators of this response were involved. We pre-
viously reported that aPL induce trophoblast IL-1p secretion through
the TLR4-mediated induction of endogenous uric acid, which in turn
activates the NLRP3 inflammasome to process basal expressed pro-IL-
1B into its active form [6]. As shown in Fig. 3, and as previously re-
ported [6], aPL alone significantly increased trophoblast production of
(A) uric acid, and (B) caspase-1 activity compared to the NT control,
while the IgG control had no effect. MDP, either alone or in combina-
tion with aPL, had no effect on trophoblast (A) uric acid production or
(B) caspase-1 activity (Fig. 3). MDP did also not alter trophoblast uric
acid production or caspase-1 activity in the presence of patient-derived
aPL-IgG (data not shown).

106

Since, combination MDP and aPL did not affect uric acid which
activates NLRP3, and caspase-1 which mediates IL-1 processing, we
next evaluated the expression of NLRP3, which mediates caspase-1
activity by assembling the inflammasome components; and expression
of pro-IL-13 which feeds the inflammasome pathway. As shown in
Fig. 3C, aPL significantly increased trophoblast NLRP3 by 1.2 + 0.1
fold compared to the NT control, while MDP alone had no effect.
Combination MDP and aPL significantly decreased NLRP3 expression
compared to aPL alone by 32.8 + 3.5%, (Fig. 3C).

As shown in Fig. 3D, and as previously reported [6], trophoblast
cells expressed high levels of pro-IL-1B under no treatment (NT) con-
ditions, and MDP treatment did not affect this. aPL significantly re-
duced trophoblast expression of pro-IL-1p by 59.8 + 14.5% compared
to the NT control, demonstrating processing into active secreted IL-1f
[6]. However, in the presence of aPL and MDP, trophoblast expression
of pro-IL-1f was reduced by only 31.9 *+ 11.2% when compared to the
NT control, and was significantly 1.7 + 0.2 fold higher than under aPL
alone conditions (Fig. 3D). We also found this to be the case using
patient-derived aPL-IgG. As shown in Fig. 3E, aPL-IgG reduced tro-
phoblast expression of pro-IL-1f by 34.3 = 13.4% compared to the NT
control. However, in the presence of aPL and MDP, trophoblast ex-
pression of pro-IL-1f was a similar level to the NT control, and was
significantly 1.7 + 0.7 fold higher than under aPL alone conditions.
This data suggests that both induction of pro-IL-1( expression and
elevated processing may be occurring under combination MDP and aPL
conditions. To further confirm this, we evaluated IL1B mRNA levels. As
shown in Fig. 3F, aPL alone significantly increased trophoblast IL1B
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mRNA levels by 2.3 + 0.4 fold compared to the NT control, while MDP
alone had no effect on basal IL1B mRNA. MDP in combination with aPL
significantly augmented trophoblast IL1B mRNA by 1.1 + 0.0 fold
compared to aPL alone and by 2.6 *= 0.5 fold compared to the NT
control (Fig. 3F).

3.4. aPL-induced trophoblast IL-1f in the presence and absence of bacterial
MDP is mediated by NOD2

To further understand the mechanism by which bacterial MDP
augmented trophoblast aPL-induced expression and processing of IL-13,
leading to its augmented secretion, the role of the MDP sensor NOD2
[19] was examined. For this, wildtype trophoblast and trophoblast

stably expressing a NOD2-DN were compared. As shown in Fig. 4A, the
reduction in basal trophoblast pro-IL-13 expression under combination
MDP and aPL conditions was significantly reversed by 1.7 + 0.5 fold in
the presence of the NOD2-DN to near basal levels. Similarly, IL-1f3 se-
cretion in response to combination MDP and aPL was significantly re-
duced by 53.2 + 17.5% by the presence of the NOD2-DN (Fig. 4B).
Interestingly, in the absence of MDP, the NOD2-DN significantly re-
duced the ability of aPL alone to induce trophoblast IL-1f secretion by
46.9 *= 17.9%, indicating that aPL could itself lead to the NOD2 acti-
vation (Fig. 4B). This dependency on NOD2 was not seen at the pro-IL-
1B level (Fig. 4A).

The induction of uric acid under aPL conditions, either with or
without MDP, was not significantly different between the wildtype and
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Fig. 4. MDP augments aPL-induced trophoblast IL-1 via NOD2 activation. Wildtype Sw.71 and Sw.71 cells expressing a NOD2-DN were treated with no
treatment (NT), aPL, MDP, or aPL + MDP (n = 5). After 72 h supernatants and cell lysates were collected. A) Cell lysates were evaluated for pro-IL-1p by Western
blot and densitometry. Supernatants were measured for: B) IL-1f3; C) uric acid; and D) caspase-1 activity. *p < 0.05 relative to the NT control for each cell (wildtype
or NOD2-DN), and “p < 0.05 relative to aPL for each cell (wildtype or NOD2-DN), unless otherwise indicated. FC = fold change.

NOD2-DN trophoblast (Fig. 4C). However, similarly to IL-1( secretion,
caspase-1 activity in response to combination MDP and aPL was sig-
nificantly reduced by 26.2 = 11.4% by the presence of the NOD2-DN
(Fig. 4D). Furthermore, in the absence of MDP, the NOD2-DN sig-
nificantly reduced the ability of aPL alone to induce trophoblast cas-
pase-1 activity by 24.4 + 11.9% (Fig. 4D). This indicates that caspase-
1 activity is regulated by aPL via NOD2, and not by combination MDP
and aPL, further supporting the data in Fig. 3B.

3.5. aPL-induced trophoblast VEGF is dependent on NOD2 activation

Having found a role for NOD2 in mediating aPL-induced trophoblast
IL-1P secretion, as well as mediating the MDP augmentation of aPL-
induced IL-1p, we examined whether NOD2 mediated any other aPL-
associated responses. Wildtype trophoblast responded to MDP alone by
secreting significantly 1.5 + 0.2 fold more IL-8 compared to the no
treatment (NT) control, and this was significantly and completely in-
hibited by the presence of the NOD2-DN (Fig. 5A). In the absence of
MDP, aPL-induced IL-8 secretion was significantly augmented by
1.2 = 0.1 fold by the presence of the NOD2-DN when compared to the
wildtype cells (Fig. 5A). However, the presence of the NOD2-DN sig-
nificantly, but partially, inhibited IL-8 secretion in response to combi-
nation MDP and aPL by 23.2 + 11.9%, indicating that the contribution
of NOD2 was in response to the MDP only (Fig. 5A).

As shown in Fig. 5B, the presence of the NOD2-DN had no effect on
sEndoglin secretion under NT or aPL conditions when compared to the
wildtype cells. However, the presence of the NOD2-DN significantly
increased sEndoglin in response to MDP alone; and significantly in-
hibited combination MDP and aPL-induced sEndoglin secretion
(Fig. 5B).

As shown in Fig. 5C MDP alone significantly reduced trophoblast
PIGF secretion by and this was significantly reversed by the presence of
the NOD2-DN. The induction of PIGF under aPL conditions, either with
or without MDP, was not significantly different between the wildtype
and NOD2-DN trophoblast cells (Fig. 5C). While the presence of the
NOD2-DN had no effect on VEGF secretion under NT and MDP condi-
tions when compared to the wildtype cells, the NOD2-DN significantly
inhibited combination MDP and aPL induced sEndoglin secretion by
28.7 * 9.4% (Fig. 5D). Furthermore, when compared to the wildtype
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cells, the NOD2-DN significantly inhibited aPL induced sEndoglin se-
cretion in the absence of MDP by 32.3 *+ 8.0%, suggesting that aPL-
induced VEGF is in part NOD2-mediated (Fig. 5D).

3.6. aPL activate trophoblast NOD2 through the novel danger signal,
vimentin

Vimentin, a major intermediate filament protein, has recently been
shown to be involved in host responses to bacteria having inflammatory
properties [32]. In particular vimentin has been reported as acting like
a danger signal or damage associated molecular pattern (DAMP) by
interacting with, and activating, cytosolic NOD2 at the cell surface
[33]. Since we found, in the absence of MDP, that aPL-induced tro-
phoblast inflammatory IL-13 and pro-angiogenic VEGF secretion are
partly mediated by NOD2, we postulated that vimentin may be an in-
termediate in this pathway. To test this, trophoblast were treated with
withaferin-A (WFA), a plant steroidal lactone that inhibits vimentin-
NOD2 interactions [33]. As shown in Fig. 6A, the presence of WFA
significantly inhibited trophoblast IL-1[3 secretion under NT and aPL
conditions by 11.8 * 5.6% and 31.0 *= 5.8%, respectively. The pre-
sence of WFA had no effect on trophoblast (B) pro-IL-1f3 expression; (C)
uric acid production; or (D) caspase-1 activity in response to aPL or
under NT conditions (Fig. 6). The presence of WFA also had no in-
hibitory effect on trophoblast VEGF secretion in response to aPL on
under NT conditions, but did slightly and significantly augment aPL-
induced VEGF (Fig. 6E).

4. Discussion

Obstetric APS includes RPL, and later gestational complications
such as preeclampsia and IUGR. However, not all patients with aPL will
have an adverse outcome [34], and if they do exhibit a pregnancy
complication, it is currently impossible to predict which that will be.
This is particularly relevant to later gestational complications such as
preeclampsia, since early treatment with heparin, alone or in combi-
nation with low dose aspirin, has only been fully characterized in its
ability to increase the live birth rate for women with aPL [34]. Since
infection represents another risk factor associated with preeclampsia
[17,18], this study sought to test the hypothesis that a woman with APS
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may be at increased risk for developing preeclampsia in the presence of
an infection. To test this, we employed an in vitro model in which aPL
recognizing 3>GPI induces a pro-inflammatory, anti-migratory and anti-
angiogenic profile in human extravillous trophoblast cells [5-9]; a
profile also common to preeclampsia [10]. Herein, we report that the
common bacterial component, MDP, synergistically augmented aPL-
induced trophoblast IL-1f3 production through NOD2 activation. Ad-
ditionally, we report for the first time, a role for extravillous trophoblast
vimentin as a novel danger signal and endogenous mediator of NOD2
activation in response to aPL, that contributes to the trophoblast in-
flammatory and angiogenic profile in the absence of an infection.

An infection or microbiome may be present locally at the maternal-
fetal interface [35,36], or may disseminate to the placenta from a dis-
tant site [37,38]. The concept that an infection may contribute to aPL-
induced end-organ damage has been described in models of systemic
APS where bacterial LPS primes the endothelium for aPL-triggered
vascular thrombosis [1,13,14]. This second hit from an infectious
component has been reported as facilitating 3,GPI binding to systemic
endothelial cells, and thus facilitating aPL binding [1,13,14]; whereas
such priming is not needed for uterine and placental localization of
B2>GPI [1]. Thus, while our studies further support the concept that an
infection contributes to aPL-induced pathology, the mechanism by
which an infection may modulate the placental trophoblast to aPL may
be different from systemic events.

aPL induce human first trimester extravillous trophoblast to secrete
IL-1B and IL-8 via activation of TLR4 [5,6], most likely because (3,GPI,
which shares molecular mimicry with LPS, provides the bridge [12,39].
This aPL-induced extravillous trophoblast pro-inflammatory response
may explain the decidual inflammation seen in histological samples
from aPL-positive patients [3]. To our knowledge there have been no
studies that have directly examined the production of inflammatory
mediators by trophoblast cells in pregnant women with aPL. This would
be particularly difficult to study since the extravillous trophoblast in-
vades into the decidua and are, therefore, not accessible to researchers
unless a placental bed biopsy is taken. However, the production of in-
creased inflammatory mediators by extravillous trophoblasts in re-
sponse to aPL is consistent with the increased numbers of inflammatory
cells reported to be present in the placental bed and superficial de-
ciduae of women with aPL [3,40,41]. Indeed inflammation of the de-
cidua is one of the five key features that comprise the histopathological
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fingerprint of aPL in pregnant women [3].

Downstream of TLR4, aPL-induced trophoblast IL-1f3 secretion is
mediated by the induction of endogenous uric acid, which in turn ac-
tivates the NLRP3 inflammasome and subsequent IL-13 processing
[5,6]. In this current study we report that bacterial MDP synergistically
augmented aPL-induced trophoblast IL-1f secretion via NOD2 activa-
tion, and this augmentation was mediated upstream of uric acid pro-
duction and inflammasome/caspase-1 activity. Such synergism between
the NOD2 and TLR4 signaling pathways, leading to augmented IL-1(3
and other cytokines has been reported in immune cells [42-44], and we
previously demonstrated that TLR4 activation increases trophoblast
NOD2 expression [45].

To further understand how this synergism between MDP and aPL
may be regulated in the trophoblast, we investigated upstream of the
inflammasome. Our data indicates that, in combination with aPL, MDP
through NOD2, upregulates pro-IL-1[3 expression at both the mRNA and
protein level; which feeds the inflammasome pathway. This is in
keeping with a study showing a role for NOD2 in mediating the in-
duction of pro-IL-13 [46]. A reduction in NLRP3 expression under
combination aPL and MDP conditions may be due to proteasomal de-
gradation of NLRP3 acting as a compensatory mechanism in response to
the augmented IL-1B production, in order to control inflammasome
activity [47]. This synergistic augmentation of the aPL-driven in-
flammatory response by MDP was specific to IL-1f since the augmented
IL-8 production was an additive effect. Furthermore, MDP had no
specific effects on the trophoblast pro-angiogenic, anti-angiogenic, or
anti-migratory responses to aPL. While MDP synergistically augmented
aPL-induced sEndoglin secretion, also in a NOD2-dependent manner,
this response was non-specific as sEndoglin was also augmented under
MDP and control IgG conditions.

In studying the role of NOD2 in the ability of MDP to modulate
trophoblast responses to aPL, we made some unexpected discoveries.
We found that NOD2 activation by MDP alone reduced basal secretion
of PIGF. More surprisingly, we found that aPL, in the absence of MDP,
induced trophoblast IL-1$ and VEGF secretion, in part through activa-
tion of NOD2. Our current understanding, thus far, has been that aPL
induce trophoblast IL-1f secretion though activation of the TLR4 and
subsequent inflammasome pathways [5,6]; while elevated VEGF se-
cretion is TLR4-independent and the signaling pathway regulating this
response is currently unknown [8]. What our findings indicate is that
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multiple innate immune pathways can be simultaneously activated in
the trophoblast by aPL, thus contributing to the same and different
responses; and NOD2 signaling is one of these pathways. Furthermore,
the contribution of NOD2 to the aPL-induced IL-1f3 would explain why
inhibition of TLR4 did not completely inhibit this aPL-driven response
[5,6].

NOD2 is able to contribute to IL-1f production is a number of ways.
NOD2 can directly interact with and activate caspase-1 [46,48]. NOD2
can complex with either NLRP1 [48] or NLRP3 [49], thus contributing
to inflammasome function. Lastly, NOD2 can crosstalk with TLR4 sig-
naling to regulate inflammation [50]. For example, in bone marrow
derived macrophages, NOD2 signaling has been found to mostly limit
TLR4-induced inflammation [50], and this could explain why the pre-
sence of the NOD2-DN augmented trophoblast aPL-induced IL-8 se-
cretion. However, as already discussed, some TLR4-mediated in-
flammatory responses can be augmented by NOD2 [42-44,50].
Combination MDP and aPL did not alter the levels of caspase-1 activity
when compared to aPL alone, but inhibition of NOD2 signaling simi-
larly inhibited aPL-induced caspase-1 activity in both the presence or
absence of MDP. Therefore, this indicated that in response to aPL alone,
NOD2 is able to directly trigger caspase-1 activation. This is in contrast
to the mechanism by which MDP amplifies aPL-induced IL-1f3 produc-
tion, which appears to be via the upregulation of pro-IL-1[3 expression,
which feeds the inflammasome-mediated pathway.
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So far, our data supports trophoblast: 1) NOD2-TLR4 crosstalk to
negatively regulate aPL-induced IL-8 secretion; 2) MDP/NOD2-medi-
ated amplification of aPL-induced IL-13 processing and secretion; 3)
aPL-induced caspase-1 activation and IL-1f secretion via NOD2; and 4)
aPL-induced VEGF secretion via NOD2.

In terms of the ability of aPL to induce trophoblast IL-13 secretion
via NOD2, we questioned whether there may be an endogenous inter-
mediate in this pathway. We had already reported similar scenarios:
aPL induction of the DAMP, uric acid, mediates NLRP3 activation and
IL-1pB production [6]; and aPL induction of miR-146a-3p mediates TLR8
activation and subsequent IL-8 production [11]. Recently, the major
intermediate filament protein, vimentin, has been reported as acting as
a DAMP by interacting with, and activating NOD2, to induce in-
flammatory responses [32,33]. While NOD2 is typically cytosolic, it can
localize to the cell surface and be activated at the plasma membrane
[51]. Indeed, vimentin interacts with cytosolic NOD2 at the cell surface,
and the plant steroidal lactone, withaferin-A (WFA), can bind to vi-
mentin, inhibiting vimentin-NOD2 interactions, leading to NOD2 re-
localization to the cytosol [33]. In this current study we found that WFA
partially inhibited aPL-induced IL-1f3 secretion, supporting a role for
vimentin as a extravillous trophoblast DAMP and secondary signal for
NOD2 activation. While villous trophoblast cells lack vimentin, first
trimester extravillous trophoblast cells do express vimentin [21-24].
How aPL promote trophoblast vimentin-NOD2 interactions may be due
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to the ability of certain aPL to bind vimentin/cardiolipin complexes
[52]. Whether our anti-B,GPI aPL, which has cardiolipin reactivity
[25], can target vimentin/cardiolipin complexes is currently under in-
vestigation. In contrast, the NOD2-mediated caspase-1 activation and
VEGF production in response to aPL was not inhibited by WFA, sug-
gesting either another NOD2-activating intermediate is involved or vi-
mentin activation of NOD2 occurs in conjunction with NOD2-TLR4
crosstalk and synergy.

The antibody we used in this study, IIC5, is a murine mAb that re-
acts with domain V of the B,GPI molecule [26] (BoGPI is comprised of
five short consensus repeat domains - SCRs also called sushi domains).
We have reported that this mAb binds to a similar epitope in ,GPI as
patient-derived aPL [28]. Recently, considerable attention has been
focused on the role of aPL reactive with the first SCR domain of 3,GPI
(DI), which some groups claim are more pathogenic than aPL reactive
with the remainder of the 3,GPI molecule. However, careful examina-
tion of the evidence regarding anti-B,GPI DI Abs led the task force on
aPL to conclude “... it has clearly emerged that not all anti-B,GPI de-
tectable in APS patients target DI, with significant subpopulations re-
acting against other B,GPI epitopes” [53]. Indeed, a systematic review
found only 44.3 - 45.4% of patients with APS (either alone or with SLE)
had domain I anti-,GPI Abs [54]; and while the presence of anti-,GPI
DI Abs doubles the risk for thrombotic events, no studies have reported
an association with pregnancy morbidities [54]. Another recent sys-
tematic review reported that the most important feature of pathogenic
aPL in obstetric APS is triple positivity [55]; and the anti-B,GPI mAb we
used in this work is a triple positive (behaves as an anti-B,GPI and anti-
cardiolipin Ab, as well as showing lupus anticoagulant activity)
[26,27]. Furthermore, we confirmed our findings that bacterial MDP
synergistically augmented the anti-B,GPI mAb-induced trophoblast IL-
1 response using patient-derived polyclonal aPL.

In summary, we have found that bacterial MDP amplifies tropho-
blast IL-1f expression, processing, and secretion in the presence of aPL
through activation of NOD2. In the absence of MDP, NOD2 also med-
iates aPL-induced trophoblast IL-1( and VEGF secretion, and negatively
regulates aPL-driven IL-8 production. Additionally, we report a role for
extravillous trophoblast vimentin as a novel danger signal that con-
tributes to the aPL-induced trophoblast IL-1f production. Together our
data indicate a role for NOD2 in mediating trophoblast inflammatory
and angiogenic responses to aPL alone, and in mediating trophoblast
inflammation in the presence of bacterial MDP. Our findings suggest
that a bacterial infection at the maternal-fetal interface may exacerbate
the impact aPL have on trophoblast inflammation and, thus, on preg-
nancy outcome. Our in vitro findings regarding the pathogenesis of
obstetric APS and the novel role for NOD2 have the potential to impact
more targeted approaches to treating patients; and further in vivo and
human studies are warranted.
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