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Japan has a relatively high incidence of coagulation factor XII (FXII) and protein S deficiencies, which are un-
deniable risk factors for recurrent pregnancy loss (RPL). FXII and protein S share common epidermal growth
factor (EGF)-like domains. Patients with RPL who have protein S and FXII deficiencies carry anti-protein S and
anti-FXII antibodies (anti-FXII), respectively. Epitope mapping of these antibodies revealed that they have EGF-
like domain epitopes, which cross-react with EGF. EGF plays a role in cell growth and differentiation, and its
effects on the reproductive system, particularly in implantation and placental development, are well docu-
mented. We developed an anti-EGF antibody detection system to investigate the correlation between anti-EGF
antibodies (anti-EGF) and other RPL-associated risk factors. Anti-EGF demonstrated a correlation not only
with anti-FXII and anti-protein S but also with anti-phosphatidylserine/prothrombin antibodies (aPS/PT).
Although the aPS/PT epitope lies within the thrombin region, which lacks an EGF-like domain, it nevertheless
cross-reacts with EGF, indicating their pathogenicity to the EGF system as well as anti-FXII and anti-protein S.
This review summarizes the history of antibody discovery and epitope mapping studies and discusses the
pathogenic potential of these antibodies in pregnancy morbidity through their effects on reproductive biology.

1. Introduction

Japan has a relatively high incidence of coagulation factor XII (FXII)
and protein S deficiencies, which are undeniable risk factors for recur-
rent pregnancy loss (RPL; Morita et al., 2019; Tsuda et al., 2020). Some
studies have shown that anti-protein S autoantibodies (anti-protein S)
can cause acquired protein S deficiency (D’Angelo et al., 1993; Sorice
et al., 1994). For example, reduced free protein S levels have been re-
ported in many patients with human immunodeficiency virus infection,
with an overall anti-protein S positivity rate of 28.6 %, occurring more
frequently in patients with protein S levels below 50 % (Sorice et al.,
1994). Sorice et al. (1996) further demonstrated the possibility of pro-
tein S activity inhibition by anti-protein S.

Similarly, Gallimore et al. (1998) reported a high incidence (20.9 %)
of apparent true FXII deficiency among patients who tested positive for
lupus anticoagulant (LA). They hypothesized that some LA-positive
patients develop anti-FXII antibodies (anti-FXII), and that immune
complex formation contributes to reduced FXII levels. Supporting this,
Jones et al. (1999) identified anti-FXII antibodies in plasma from
LA-positive patients using enzyme-linked immunosorbent assay and

surface plasmon resonance. Patients with anti-FXII were found to have
significantly lower FXII levels compared with antibody-negative pa-
tients (Jones et al., 2000). This indicated that the immune complex
formation and subsequent sequestration reduced the FXII levels. They
also reported that anti-FXII exhibited a strong and statistically signifi-
cant association with recurrent fetal loss (odds ratio [OR] 5.4,
P = 0.025) (Jones et al., 2001). Thus, autoantibodies against FXII, rather
than FXII deficiency itself, is a potential risk factor for thromboembolism
and RPL.

The potential presence of these autoantibodies prompted us to
develop autoantibody detection assays. It is also crucial to identify their
epitopes to discuss their pathogenicity in reproduction. We started with
the detection of the epitope of anti-FXII through direct binding studies
and found that its binding sites consist of amino acids 1-30 (IPP30) in
the FXII heavy chain (Inomo et al., 2008). Subsequently, another epitope
was detected in the second epidermal growth factor (EGF)-like domain,
with a prevalence of 23.0 % (23 out of 100) among patients with RPL
(Sato et al., 2019). In addition, protein S autoantibodies were detected in
20.0 % (20 out of 100) of patients with RPL with the epitopes of
anti-protein S also located within the 1-4 EGF-like domains (Sato et al.,
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Table 1
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Current evidence on the growth factor properties of coagulation proteins and EGF as well as the potential effects of autoantibodies in patients with RPL.

. Cross- Potential effects of
Function as Current evidence of Epitopes of reactivity ~ EGF-related autoantibodies
Protein coagulant the growth-promoting effect autoantibodies  of the epitopes in patients with RPL
Janti : found in patients of qutoantibodies on reproduction
anticoagulant of the protein with RPL to EGF (hypothesis)
Protein S Cofsf;ﬁf gf Mitosis of hVSMC 1-4 EGF-like domains Yes
P \ Defects of
Proliferation of human hepatoma cells endothelial cell
Inhibition Amino-terminal No proliferation
FXI of platelet Umbilical vein endothelial cells of heavy chain (IPP30) /poor angiogenesis
p N proliferation and angiogenesis of SA
aggregation second EGF-like domain ~ Yes 1
Mitosis of aortic smooth muscle cell lines RIF
Inactive Potent mitogen for hVSMC* learly pregnancy loss?
Prothrombin Precursor of . . B4 domain
rothrombin © - o Adhesion and spreading (heparin-binding exosite) ~ Yes .
of endothelial cells* Insiufﬁclerit
placenta
Luminal epithelial proliferation development
in nonpregnant mice L// !
FGR
EGF None Acquisition of invasive phenotype EGF — /preeclampsia?

in trophoblasts

CT differentiation and syncytial formation

*Reported function of thrombin. Antibodies whose epitopes cross-react with EGF are classified as “EGF-related autoantibodies.” We hypothesized that “EGF-related
autoantibodies” and anti-EGF itself negatively influence on cell proliferation, angiogenesis, and placental development, which may cause RIF, early pregnancy loss,
FGR, and preeclampsia. RPL, recurrent pregnancy loss; FXII, factor XII; EGF, epidermal growth factor; hVSMC, human vascular smooth muscle cells; CT, cyto-
trophoblast; SA, spiral artery; RIF, recurrent implantation failure; FGR, fetal growth restriction

2018). The binding sites of the second EGF-like domain of FXII and the
1-4 EGF-like domains of protein S cross-react with EGF (Sato et al.,
2018; Sato et al., 2019).

FXII and protein S are broadly recognized as coagulation factors;
however, studies indicating that they are potential growth factors in the
reproductive system are scarce. Protein S and FXII have also been re-
ported to play a role in the proliferation of vascular smooth muscle cells
(VSMCs) and vascular endothelial cells (Benzakour et al., 1995; Kanthou
and Benzakour, 2000; Gordon et al., 1996; LaRusch et al., 2010). As
spiral arteries are composed of vascular endothelial cells and VSMCs
(Lyall, 2002), protein S and FXII may play a role in their angiogenesis
(Staff et al., 2022). FXII is localized in predecidual cells and the glan-
dular epithelium during the late secretory phase and in decidual cells in
the first trimester, highlighting its role in implantation and placental
development (Kawato et al., 2009).

Although research on epidermal growth factor receptor (EGFR) and
its downstream signaling has advanced in oncology, studies in the field
of the reproductive system remain scarce. EGF administration in
nonpregnant female mice induced luminal epithelial cell proliferation,
whereas anti-EGF antibodies (anti-EGF) administration inhibited
estrogen-induced luminal epithelial cell proliferation (Nelson et al.,
1991). EGF promotes an invasive phenotype of cytotrophoblast (CT) in
the uterine myometrium (Bass et al., 1994), induces CT differentiation in
vitro (Morrish et al., 1987), and triggers extensive syncytial formation
(Morrish et al., 1997).

Studies on autoantibodies against FXII and protein S are scarce, but
we conducted epitope mapping and found that the epitopes within their
EGF-like domains often cross-react with EGF (Sato et al., 2018; Sato
et al., 2019). However, in the absence of EGF-like domains, epitopes of
anti-phosphatidylserine/prothrombin antibodies (aPS/PT) cross-reacts
with EGF (Aoki et al., 2025). Thrombin itself has been reported to act
as a potent mitogen for VSMCs (Kanthou et al., 1992). With accumu-
lating evidence that autoantibodies against FXII, protein S, and pro-
thrombin in patients with RPL frequently recognize EGF, we present this
comprehensive review. Autoantibodies whose epitopes cross-react with

EGF are classified as “EGF-related autoantibodies.” This introduction
describes the history of epitope mapping studies of autoantibodies
detected in the patients with RPL. Table 1 and the figures summarize
existing evidence on the growth factor properties of these proteins,
along with hypotheses about the potential effects of EGF-related auto-
antibodies on reproductive system function in living organisms.

2. Epitope mapping studies

2.1. Anti-FXII autoantibodies recognize N-terminal amino acids 1-30 in
the FXII heavy chain, enhancing y-thrombin-induced platelet aggregation
in vitro and inducing thrombosis in vivo

FXII knockout mice are viable and fertile, exhibiting normal preg-
nancy outcomes and litter sizes (Pauer et al., 2004; Iwaki et al., 2006).
Although one study identified FXII deficiency as a risk factor for RPL
(Schved et al, 1989), another study found no such association
(Matsuura et al., 2001). Epitope mapping analysis showed that the an-
tibodies in most patients with RPL recognized the FXII heavy chain but
not the light chain (Inomo et al., 2008). Moreover, the antigen-binding
site of anti-FXII consists of amino acids 1-30 (IPP30) of the FXII heavy
chain, known as the FXII binding site for platelet glycoprotein Ib alpha
(Inomo et al., 2008). Antibodies collected from 13 of 17 (76.5 %) pa-
tients with RPL who tested positive for plasma anti-FXII recognized the
synthetic peptide IPP30. Bradford et al. (2000) reported that activated
FXII inhibits thrombin-platelet interactions. However, its platelet
binding was inhibited by monoclonal antibodies with epitopes mapped
to amino acids 1-28 and 134-153 within the fibronectin type I domain
(Pixley et al., 1987; Clarke et al., 1989). Therefore, anti-FXII species that
recognize IPP30 in patients with RPL may also inhibit FXII-platelet in-
teractions, thereby causing thrombosis and pregnancy loss. Our previous
study (Sato et al., 2015) supported this hypothesis by showing that the
exogenous addition of polyclonal anti-IPP30 antibodies significantly
enhanced y-thrombin-induced platelet aggregation in vitro. LDC27,
located in domain 3 of kininogens and serving as the epitope for
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Fig. 1. aPE and anti-FXII enhance platelet aggregation, Kininogens and FXII
bind to the platelet thrombin receptor GP Ib-IX-V via LDC27 in domain 3 of
kininogens and IPP30 in the N-terminal of the FXII heavy chain, respectively.
Furthermore, they prevent thrombin-induced platelet aggregation by inhibiting
thrombin-platelet binding. However, when bound by aPE, which recognizes
LDC27, and by anti-FXII, which recognizes IPP30, kininogens and FXII are
prevented from binding to the thrombin receptor, causing thrombin-induced
platelet aggregation. aPE, antiphosphatidylethanolamine antibodies; anti-FXII,
anti-factor XII antibodies.

anti-phosphatidylethanolamine antibodies (aPE), and IPP30 in the
N-terminal region of the FXII heavy chain bind to the platelet thrombin
receptor and inhibit thrombin-induced platelet aggregation (Fig. 1).
Kininogens and FXII are prevented from binding to the thrombin re-
ceptor when bound by aPE, which recognizes LDC27, and by anti-FXII,
which recognizes IPP30, thereby triggering thrombin-induced platelet
aggregation (Sato et al., 2015). Laser-light scattering aggregometry
(PA-200; Kowa, Tokyo, Japan) showed that the prothrombotic potency
of polyclonal anti-IPP30 and anti-LDC27 antibodies adheres to the
following hierarchy: (anti-LDC27 and anti-IPP30) > (anti-IPP30)
> (anti-LDC27). The pathogenicity of these antibodies, assessed in vivo
in mice passively immunized with anti-LDC27 and anti-IPP30, resulted
in a slight increase in fetal resorption, pronounced thrombosis, and
enhanced placental hemorrhage and apoptosis, accompanied by
reduced platelet counts. Moreover, the decidua exhibited reduced
mitotic activity, impaired trophoblast giant cell invasion, and increased
numbers of shrunken cells (Velayuthaprabhu et al., 2011).

Previous studies suggest that although FXII deficiency appears to be a
cause of RPL, the underlying factor may actually be anti-FXII autoanti-
bodies. The presence of anti-FXII can explain the conflicting findings. In
fact, one group has shown a significant correlation between anti-FXII
and RPL (Jones et al., 2001).

2.2. Anti-FXII recognize the second EGF-like domain in the FXII heavy
chain, and the binding site cross-reacts with EGF, which promotes cell
proliferation

Of the 100 plasma samples from patients with RPL, 23 (23.0 %)
recognized the synthetic peptide ASQ41, which covers the second EGF-
like domain in the FXII heavy chain. Among the 23 anti-ASQ41-positive
plasma samples, 13 (56.5 %) recognized the 22-residue segment C-ter-
minal half of ASQ41 and 17 (73.9 %) recognized recombinant human
EGF (hEGF). Affinity-purified anti-FXII, which recognizes ASQ41, also
recognizes recombinant EGF family proteins, such as EGF and heparin-
binding EGF-like growth factor (HB-EGF; Sato et al., 2019).

FXII is not only a coagulation factor but also a growth factor that
promotes proliferation and angiogenesis (Schmeidler-Sapiro et al.,
1991; Gordon et al., 1996; LaRusch et al., 2010). FXII has been shown to
enhance the human hepatoma cell proliferation (Schmeidler-Sapiro
et al., 1991) and to exert mitogenic effects on several EGF-sensitive cell
types (Gordon et al., 1996). Moreover, it stimulates Akt phosphorylation
and extracellular signal-related kinase 1/2 (ERK1/2) via the EGFR,
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Fig. 2. Incidence of each risk factor in anti-EGF-positive and anti-EGF—
negative patients with RPL and/or repeated implantation failure (n = 223),
Plasma samples from 223 patients with RPL and/or repeated implantation
failure were analyzed. Anti-EGF antibodies were significantly associated with
anti-FXII, anti-protein S, and anti-HB-EGF antibodies. Interestingly, anti-EGF
antibodies were also associated with aPS/PT (unpublished data). Among all
the autoantibodies, the P-value between anti-EGF and aPS/PT was the lowest.
RPL, recurrent pregnancy loss; OR, odds ratio; anti-EGF, anti-epidermal growth
factor antibodies; aPS/PT, anti-phosphatidylserine/prothrombin antibodies;
anti-FXII, anti-factor XII antibodies; anti-HB-EGF, anti-heparin binding EGF-like
growth factor antibodies; IgM, immunoglobulin M.

specific integrins, and the urokinase plasminogen activator receptor,
thereby promoting endothelial cell proliferation, growth, and angio-
genesis (LaRusch et al., 2010). The FXII mRNA levels in the endome-
trium rose during the secretory phase and were markedly elevated in
decidual tissues in early pregnancy (Kawato et al., 2009). In human
decidualized cells in vitro, FXII is expressed in response to estrogen and
progesterone stimulation, highlighting its role in implantation (Kawato
et al., 2009). Anti-FXII may cause pregnancy loss by blocking EGF sig-
nals on multiple biogeneses.

2.3. Anti-protein S binding sites are located in EGF-like domains, and the
binding site cross-reacts with EGF, which may disrupt the EGF system

Of the 100 patients with RPL, 20 (20.0 %) were seropositive for anti-
protein S. On immunoblot analysis, anti-protein S recognized Gla-
domain-free protein S, particularly the three fragments of EGF-like do-
mains: EGF1-2, EGF3-4, and EGF1-4. Notably, anti-protein S also
recognized EGF proteins. The regions crucial for Ca?* binding in protein
S potentially involve EGF 2-4. Anti-protein S and polyclonal recombi-
nant hEGF antibodies recognize protein S in the absence of Ca>* but not
in its presence, likely due to Ca**-induced conformational changes.
These results indicate that anti-protein S in patients with RPL recognize
EGF-like domains in protein S (Sato et al., 2018). Beyond coagulation,
protein S potentially plays a role in other biological processes, including
apoptosis, angiogenesis/vasculogenesis, and cancer progression
(Suleiman et al., 2013). During early and late pregnancy, protein S ac-
cumulates around damaged placental trophoblastic cells, suggesting
that it potentially protects or restores damaged villi and exerts physio-
logical effects on the placenta (Matsumoto et al., 2008). Autoantibodies
that recognize EGF-like domains in protein S may contribute to angio-
genesis inhibition and apoptotic cell clearance during normal preg-
nancy. Anti-protein S in patients with RPL may be associated with not
only thrombophilia but also EGF system disruption.

Several studies have demonstrated a correlation between RPL or fetal
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Fig. 3. Hypothesis of impaired implantation caused by epidermal growth factor (EGF) system disruption. (I) EGF plays a role in endometrial thickening and mature
SA formation during the proliferative phase (a). Under EGF-related autoantibodies, endometrial proliferation is insufficient, and SA are sparse and possibly have poor
quality (b). (II) HB-EGF-expressing cells cause the trophectoderm to express EGFR through juxtacrine secretion signaling. The transmembrane form of HB-EGF
mediates blastocyst adhesion by interacting with HSPG (a). The antigen-antibody reaction is potentially inhibited by EGF-related autoantibodies (b). EGF,
epidermal growth factor; LE, luminal epithelium; SA, spiral arteries; Tr, trophectoderm; FXII, coagulation factor XII; EGFR, epidermal growth factor receptor; HB,

heparin binding; HSPG, heparan sulfate proteoglycan.

loss after 22 weeks of gestation and protein S deficiency (Rey et al.,
2003; Robertson et al., 2006). Japan has a high prevalence (1.6 %—
1.8 %) of congenital protein S deficiency, particularly protein S
Tokushima (p.Lys196Glu), a genetic mutation and molecular defect
detected in the EGF2 domain of protein S (Hayashi et al., 1994) and
associated with mid-to-late-pregnancy loss (Sato et al., 2022). Protein S
antibodies are similarly pathogenic to protein S Tokushima, as they
commonly affect the EGF1-2 domains of protein S, which is directly
involved in activated protein C cofactor function. Notably, the incidence
of anti-protein S-positive patients is higher than that of protein S
Tokushima-positive patients in mid-to-late-pregnancy loss affected pa-
tients (Sato et al., 2022).

2.4. Anti-EGF is associated with anti-protein S, anti-FXII, and anti-
phosphatidylserine/prothrombin antibodies (aPS/PT)

As anti-FXII and anti-protein S recognize the EGF-like domains of
their respective proteins and cross-react with EGF, an experimental
detection system for anti-EGF autoantibodies was previously developed
(Sato and Sugi, 2020). Plasma samples from 223 patients who experi-
enced RPL and/or repeated implantation failure were analyzed, and
anti-EGF showed significant correlations with anti-FXII, anti-protein S,
and anti-HB-EGF antibodies (Fig. 2). Notably, anti-EGF were also asso-
ciated with aPS/PT (unpublished data). Among all autoantibody pairs,
the P-value between anti-EGF and aPS/PT was the lowest. The unpub-
lished data was preliminary at that time, but we later confirmed the
association and published the epitope mapping of prothrombin as an
original article, which is described below (Aoki et al., 2025).

2.5. Antigenic aPS/PT binding sites in patients with RPL and EGF exhibit
cross-reactivity

Out of 26 aPS/PT-positive patients who experienced pregnancy loss,
18 (69.2 %) also tested positive for anti-EGF. Among those 18 patients,

14 (77.7 %) recognized a-thrombin, particularly targeting the B4
domain—its primary heparin-binding exosite epitope (Aoki et al.,
2025). Competitive binding analysis showed the cross-reactivity of the
antigenic binding sites of anti-prothrombin antibodies with EGF, which
is significant as prothrombin lacks an EGF-like domain, such as those in
FXII and protein S. This finding indicates the pathogenicity of
anti-prothrombin contributing to the disruption of the EGF system.
Thrombin is a potent mitogen for human VSMCs (Kanthou et al., 1992)
that induces the adhesion and spreading of endothelial cells, thereby
promoting repair mechanisms in the injured luminal surface of vessels
(Bar-Shavit et al., 1991). As the heparin-binding exosite acts as the
binding site for these autoantibodies, we suggest that their pathoge-
nicity is also potentially associated with blood coagulation. In patients
with antiphospholipid syndrome, anti-prothrombin antibodies are
strongly linked to anti-protein C and S antibodies (Pengo et al., 1996).
Our study supports this association, as the antigenic binding sites of
anti-prothrombin  antibodies and anti-protein S demonstrate
cross-reactivity.

3. Further hypothesis toward the future

Acquired autoantibodies (including anti-protein S, anti-FXII, and
aPS/PT) are relatively common in patients with RPL and share a
competitive binding site with anti-EGF. Protein S, FXII, and prothrombin
are known coagulation factors, and autoantibodies against them can
cause coagulation abnormalities. However, as all these autoantibodies
named as EGF-related autoantibodies also recognize EGF family pro-
teins, there may be a novel pathogenic mechanism beyond coagulation
abnormalities. Based on previous reports on the effects of the EGF sys-
tem on the reproductive system, the pathogenicity of EGF-related au-
toantibodies in fertility is subsequently discussed.
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Fig. 4. Current evidence on the growth factor properties of coagulation proteins and epidermal growth factor (EGF) and hypothesis on the potential effects of EGF-
related autoantibodies on normal placental development. (a) Current evidence on the growth factor properties of coagulation proteins and EGF and their effects on
normal placental development. Since protein S, FXII, and thrombin exhibit growth factor effects, they may promote the vascular angiogenesis of SA during the
proliferative phase. EGF promotes an invasive CT phenotype in the uterine myometrium, induces CT differentiation in vitro, and triggers extensive syncytial for-
mation. These processes are essential in normal placental development. (b) Potential effects of EGF-related autoantibodies on normal placental development. EGF-
related autoantibodies may inhibit the growth factor properties of protein S, FXII, thrombin, and EGF. These antibodies may inhibit the vascular angiogenesis of SA
during the proliferative phase, as well as CT invasion, differentiation, and syncytialization, impairing placental development. EGF, epidermal growth factor; FXII,
factor XII; CT, cytotrophoblast; hVSMC, human vascular smooth muscle cells; SA, spiral artery.

3.1. Autoantibody-mediated EGF system disruption may cause
implantation failure

Several studies have indicated that protein S, FXII, and thrombin
play a role in the proliferation of VSMCs. The addition of protein S to
growth-arrested human VSMCs induces mitosis in a dose-dependent
manner, which can also be inhibited by anti-human protein S pre-
incubation (Benzakour et al., 1995; Kanthou and Benzakour, 2000).
Gordon et al. (1996) performed an assay of aortic smooth muscle cell
lines and demonstrated that FXII has an EGF-like domain and, similar to
EGF, induces mitosis via the mitogen-activated protein kinase (MAPK)
system. Thus, the proliferative effects of FXII are mediated through
EGFR. Kanthou et al. (1992) found that thrombin expresses
platelet-derived growth factor-A gene to promote mitosis in human
VSMCs, indicating that thrombin exhibits growth factor-like activity.

FXII also plays a role in the proliferation of vascular endothelial cells.
Gordon et al. (1996) demonstrated mitogenic effects of FXII on endo-
thelial cells. LaRusch et al. (2010) found that FXII induces phosphory-
lation of ERK1/2 and Akt (Ser473) in human umbilical vein endothelial
cell line and that MAP/ERK1 and phosphoinositol-3 kinase inhibitors
inhibit these pathways, respectively. Furthermore, EGFR inhibitors
inhibit ERK1/2 and Akt phosphorylation, indicating that FXII induces
downstream signals involved in endothelial cell proliferation via the
EGFR (LaRusch et al., 2010). These findings suggest that protein S, FXII,
and thrombin may play a role in angiogenesis of spiral arteries (Staff
et al., 2022). During the proliferative phase, spiral arteries sprout into
the functional layer of the endometrium. Similar to other arteries, spiral
arteries consist of vascular endothelial cells and VSMCs (Lyall, 2002).
Therefore, the presence of EGF-related autoantibodies may increase
their vulnerability.
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Estrogen and progesterone regulate EGF expression in luminal
epithelial and stromal cells (Wang et al., 1994). EGF administration in
nonpregnant female mice promoted the proliferation of luminal
epithelial cells, whereas anti-EGF administration inhibited
estrogen-induced luminal epithelial cell proliferation (Nelson et al.,
1991). Proliferation of the luminal epithelium and normal spiral arteries
is crucial for implantation. The presence of potentially disruptive
EGF-related autoantibodies may represent a novel cause of implantation
failure. Supporting this, the rate of positive anti-protein S in patients
who experienced recurrent implantation failure (19.2 %) is comparable
to that in patients affected by recurrent early pregnancy loss (20.1 %) or
mid-to-late-pregnancy loss (23.0 %; Sato et al., 2022).

Furthermore, HB-EGF plays a pivotal role in implantation, particu-
larly at the site of molecular networks between the endometrium and
blastocyst. Implantation involves three steps, namely, apposition,
attachment, and penetration, in which HB-EGF may play a contributory
role. HB-EGF mRNA is synthesized in the mouse uterine luminal
epithelium, which is limited to the blastocyst apposition site (Das et al.,
1994). Moreover, murine cell lines synthesizing transmembrane HB-EGF
extensively adhered to day 4 mouse blastocysts, mediated by EGFR and
heparan sulfate proteoglycan (Raab et al., 1996).

HB-EGF receptors include EGFR (Higashiyama et al., 1991) and
HER4 (Elenius et al., 1997). Chobotova et al. (2002) found that ErbB4 is
expressed at the human blastocyst frontline and exclusively adheres to
HB-EGF-expressing cells. In vitro analysis showed that anti-FXII recog-
nizes EGF and HB-EGF (Sato et al., 2019). According to these findings,
we hypothesized that EGF-related autoantibodies inhibit EGF expression
at the implantation site. Fig. 3 shows a schematic of the hypothesis of
impaired implantation caused by EGF system disruption.

3.2. Autoantibody-mediated EGF system disruption may cause
preeclampsia

Extravillous trophoblast invasion into the uterine decidua and CT
syncytialization are essential processes for normal placentation
(Steegers et al., 2010; Gerbaud and Pidoux, 2015). EGF promotes an
invasive phenotype of CTs in the uterine myometrium (Bass et al.,
1994), induces CT differentiation in vitro (Morrish et al., 1987), and
triggers extensive syncytial formation (Morrish et al., 1997). However,
exogenous EGF-induced syncytial formation is inhibited by EGFR anti-
bodies (Morrish et al., 1997).

Some studies support an association between EGF and its receptor,
EGFR, and the development of preeclampsia. Expressions of EGF family
proteins, including EGF, HB-EGF, and transforming growth factor a, are
reduced in the basal plate of human preeclamptic placentas at a median
gestational age of 32.6 weeks (Armant et al., 2015). Moreover, the ex-
pressions of EGFR and ATF3, one of the genes induced by oxidative stress
and hypoxia, are upregulated in preeclamptic placentas, whereas EGFR
signaling is downregulated (Moslehi et al., 2013).

Although these studies describe events observed in preeclamptic
placentas, the underlying cause remains unclear. If EGF-related auto-
antibodies prevent EGF from binding to EGFR, the EGF family protein
expression decreases, EGFR expression increases, and downstream EGFR
signaling in the preeclamptic placenta is reduced. The presence of EGF-
related autoantibodies could therefore explain the multiple findings
reported to date. Velayuthaprabhu et al. (2011) demonstrated in a
murine model that anti-FXII infusion increased placental apoptosis and
the number of shrunken cells in the decidua, while reducing the number
of mitotic cells and alleviating the invasiveness of trophoblast giant
cells. Therefore, EGF-related autoantibodies in patients with RPL may
inhibit the growth factor functions of FXII and induce placental
dysfunction. A prospective cohort study involving pregnant women
demonstrated that protein S activity below the 5th percentile in early
pregnancy was a risk factor for preeclampsia. Moreover, the frequency
of preeclampsia increased with declining FXII activity (Ebina et al.,
2015). This study further supported the presence of EGF-related
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autoantibodies in patients with preeclampsia. Fig. 4a and b summarize
current evidence on the growth factor properties of coagulation proteins
and EGF, and illustrate the potential effects of EGF-related autoanti-
bodies on placental development.

4. Conclusion

Anti-protein S, FXII, and prothrombin antibodies share competitive
binding sites with anti-EGF. Considering the physiological effects of EGF
proteins on implantation and placental development, EGF-related au-
toantibodies may play a role in pregnancy complications. Future studies
are warranted to establish animal models to elucidate the pathogenicity
of EGF-related autoantibodies in vivo.
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