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Immune cells [e. g., dendritic cells (DC) and natural killer (NK) cells] are critical players
during the pre-placentation stage for successful mammalian pregnancy. Proper placental
and fetal development relies on balanced DC-NK cell interactions regulating immune cell
homing, maternal vascular expansion, and trophoblast functions. Previously, we showed
that in vivo disruption of the uterine NK cell-DC balance interferes with the decidualization
process, with subsequent impact on placental and fetal development leading to fetal
growth restriction. Glycans are essential determinants of reproductive health and the
glycocode expressed in a particular compartment (e.g., placenta) is highly dependent on
the cell type and its developmental and pathological state. Here, we aimed to investigate
the maternal and placental glycovariation during the pre- and post-placentation period
associated with disruption of the NK cell-DC dynamics during early pregnancy. We
observed that depletion of NK cells was associated with significant increases of O- and N-
linked glycosylation and sialylation in the decidual vascular zone during the pre-placental
period, followed by downregulation of core 1 and poly-LacNAc extended O-glycans and
increased expression of branched N-glycans affecting mainly the placental giant cells and
spongiotrophoblasts of the junctional zone. On the other hand, expansion of DC induced
a milder increase of Tn antigen (truncated form of mucin-type O-glycans) and branched
N-glycan expression in the vascular zone, with only modest changes in the glycosylation
pattern during the post-placentation period. In both groups, this spatiotemporal variation
in the glycosylation pattern of the implantation site was accompanied by corresponding
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changes in galectin-1 expression. Our results show that pre- and post- placentation
implantation sites have a differential glycopattern upon disruption of the NK cell-DC
dynamics, suggesting that immune imbalance early in gestation impacts placentation
and fetal development by directly influencing the placental glycocode.

Keywords: dendritic cells, natural killer cells, implantation, glycoimmunology, placentation

INTRODUCTION

In hemochorial placentation, the placental trophoblasts have
direct contact to maternal immune cells. Thus, trophoblast cells
are exposed to allogenic immune responses by the mother.
Uterine immune responses must be regulated in a way that
allows access of the placenta to the maternal blood supply
but also prevents excess invasion of fetal cells and infections
(1). For successful pregnancy, maternal tolerance to the fetus
needs to be established, otherwise failure of the maternal
immune response to adapt correctly can lead to aberrant
immune activation, which is associated with preeclampsia and
miscarriage (2).

Highly specialized subpopulations of maternal leukocytes,
such as uterine NK (uNK) cells, infiltrate the murine decidua in
large numbers during the first half of pregnancy (3, 4). Through
expression of different factors (e.g., VEGF and IFN-y), uNK
cells guide the remodeling of decidual spiral arteries increasing
the availability of maternal blood at the implantation site
and promoting trophoblast invasion (5-7). Another important
subpopulation of maternal leukocytes key for modulation of
local immunity and tolerance are uterine DC (uDC), which
increase in number during the pre-placentation period, reaching
a plateau in the post-placentation phase (8). These cells also
support vascular adaptations during pregnancy including vessel
permeability and blood flow to the implantation site through
the CXCL12/CXCR4 pathway (9-11). Recruitment of NK cells,
which is facilitated by DC, represents a mechanism to confine
the immunogenic potential of uDC. Thus, healthy dynamics
in the proportion of uNK cells and uDC during pregnancy
play a critical role not only in the regulation of angiogenesis
and decidualization (11, 12) but also in the placentation
process. Immune cell imbalance during early pregnancy, such
as expansion of DC or depletion of NK cells, has an effect on
the pre-placentation period and also on the placental phenotype
(13). For instance, implantation sites from NK cell depleted
dams showed decidual growth defects during early pregnancy,
indicated by a disrupted dynamics of decidua maturation (12).
Additionally, these mice exhibited vascular defects (i.e., narrow
lumens and cuffed appearance) in the central, proximal region of
the decidua basalis during the post-placentation period together
with increased accumulation of vascular- and tissue-associated
NK cells in the mesometrial lymphoid aggregate of pregnancy
(13). As a result from placental insufficiency, fetuses derived from
NK cell depleted dams suffer from intrauterine growth restriction
(IUGR) accompanied by an overall reduction of global DNA
methylation levels and epigenetic changes in the methylation
of specific hepatic gene promoters. Likewise, the expansion

of DC during early pregnancy also provoked decidual growth
defects on E5.5 (12) and changes in immune cell recruitment,
with increased numbers of perivascular DC at the mesometrial
decidua (MD) (11) and upregulation of IL-10 expressing NK cells
on E7.5 (14). Expansion of DC also led to significant changes
in placental morphology, with impaired vascular development of
the labyrinth and an increased accumulation of glycogen cells in
the junctional zone (13), but the effect on pregnancy outcome was
milder as offspring derived from these pregnancies did not suffer
from IUGR and exhibited slight gene-specific epigenetic changes.

Glycans are sequences of carbohydrates that are added to
proteins and lipids to modulate their structure and function
(15). Two major types of glycosylation are observed: N-linked
glycosylation is the attachment of oligosaccharides to asparagine
or arginine side-chains, whereas O-linked glycosylation occurs
mainly at serine and threonine (Figure 1A). Glycans modify
proteins required for trophoblast function, and alterations
have been associated with pathological conditions. Thus,
aberrant N-glycosylation of integrin B1 in villous tissues, which
influences trophoblast invasion, was linked to early spontaneous
miscarriage in humans (16). Lectin histochemistry analyses
performed in human placentas revealed significant alterations of
carbohydrate metabolism (i.e., dysregulation of a-D-mannose,
GlcNAc, B-GalNAc, and a-Fucose) after the onset of different
types of hypertensive disorders and fetal growth restriction (17,
18); showing for instance alterations in the trophoblast and/or
endothelial cell glycophenotype of the pathological groups (17)
and an altered distribution of 02,3 and a2,6-linked sialic acid
in placentas from hypertensive disorders (18). More recently,
Tannetta et al. showed that preeclampsia is associated with
changes in the surface glycosylation of syncytiotrophoblast
derived extracellular vesicles (STBEVs), which are released
in increased numbers and exhibit a proinflammatory, anti-
angiogenic, and procoagulant activity. Indeed, STBEVs derived
from preeclamptic patients exhibited increased binding of
Sambucus nigra lectin and Ricinus communis agglutinin I,
which bind to «2,6-linked sialic acid and galactose or N-
acetylgalactosamine residues (19), which may be a link to changes
in vesicle-cell interactions affecting functions like cell targeting,
clearance, and immune activity. However, further investigation
is needed to determine whether and how different alterations in
glycosylation contribute to inappropriate maternal-fetal immune
responses and poor pregnancy outcomes. In this work, we
analyzed the effect of temporary changes within the DC or
NK cell pool during early pregnancy on the glycophenotype
during the pre- and post-placentation process, before the onset
of the IUGR disease phenotype. We show that pre- and post-
placentation implantations have a differential glycopattern where
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either NK cells were temporally ablated or DC were expanded.
Our data confirm that immune dysregulations early in gestation
have an impact on the placental glycocode, influencing the
placentation process itself and subsequently fetal development.

MATERIALS AND METHODS

Animals

All animals tissues used in this work were collected for previous
experiments assessing the role of NK cell—DC interactions
in the modulation of early pregnancy maternal adaptations,
placentation and fetal growth (11-13) in accordance with
guidelines for the care and use of laboratory research animals
promulgated by the Charité—Universititsmedizin Berlin and
Regional Office for Health and Social Affairs. Animals were
purchased from Jaxmice® and maintained on a 12L/12D cycle.
Five- to six-weeks old CD11c.DTR females were mated with
Balb/c males. The presence of a vaginal plug after cohabitation
was denoted as embryonic day (E) 0.5. Females were kept
in groups of 4-5 animals and injected (i.p.) on E4.5 with
anti asialo GM1 (WAKO, Cat.no. 986-10001, 2 mg/g BW) for
transient ablation of NK cells (aNK group, Figure 1B). For the
expansion of uterine DC (eDC group, Figure 1B), Balb/c-mated
CD11c.DTR females were treated with one daily injection of
human recombinant Fms-related tyrosine kinase 3 ligand (FL;
BioX cell, Cat.no. BE0098, 10 mg/mouse/day) from E0.5 to
E7.5. Control CD11c.DTR females received PBS supplemented
with rabbit normal serum (2 mg/g body weight i.p.). On E7.5
and 13.5, mice from the respective groups were sacrificed and
uterine tissue from the implantation sites (n = 5) was processed
for histological sectioning according to standard procedures.
Pregnancy outcomes for the different groups have been described
in our previous studies (11-13).

Immunofluorescence

We used a panel of lectins that recognize specific O-
glycan structures (Helix pomatia agglutinin (HPA; Tn-antigen),
Arachis hypogaea lectin (PNA; core 1), and Lycopersicon
esculentum lectin [LEA; core 2)]. In addition, we employed
Phaseolus vulgaris lectin (PHA-L), which specifically recognizes
P1,6GlcNAc-branched complex N-glycans. Finally, sialyation
was determined using the Maackia amurensis lectin (MAA)
and Sambucus nigra agglutinin (SNA-I) which bind to «2,3-
and a2,6-linked sialic acid, respectively (Figure1A). Serial
cryosections of implantation sites were prepared at 8pm.
Briefly, slides were washed in TBS and blocked with Biotin
Blocking system (X0590, DAKO Corporation) for 20 min in a
humid chamber at RT. Afterwards, slides were blocked with
Carbo-Free Blocking Solution (SP-5040, Vector Laboratories)
for 30 min in a humid chamber at RT. Subsequently, slides
were incubated with biotinylated lectin (EY Laboratories)
diluted in Carbo-Free Blocking Solution for 16h at 4°C
in a humid chamber HPA (20ng/ml; BA-3601-1), PHA-L
(20 ng/ml; BA-1801-2), or SNA-I (10 ng/ml; BA-6802-1). Lectin-
stained sections were then incubated with 2 pg/ml Streptavidin-
Tetramethylrhodamine (S-870; Invitrogen) for 1h in a humid
chamber at RT. Subsequently, slides were incubated with

FITC-labeled lectin (EY Laboratories) diluted in Carbo-Free
Blocking Solution for 2h at RT PNA (20ng/ml; F-2301-1),
LEA (20 ng/ml; F-7001-1), or MAA (20 ng/ml; F-7801-2). Nuclei
were counterstained with 4/,6—diamidino—Z—phenylindole (DAPI)
for 5min at RT and mounted in Prolong Gold (P36930,
Invitrogen). Stainings of whole implantation sites were digitally
scanned by a high-resolution bright field and fluorescence slide
scanner (Pannoramic MIDI BF/FL, 3DHISTECH Ltd.), and
staining was evaluated on virtual slides using Pannoramic Viewer
1.15.4 (3DHISTECH Ltd.) by two examiners blinded to the
experimental group.

Galectin-1 Staining

Staining of 8 wm cryo sections was performed by washing in
TBS, followed by blocking with Duale Endogenous Enzyme
Block (S2003, Dako) for 30min in a humid chamber at
RT. Afterwards, slides were blocked with Proteinblock (PHA-
70873, Dianova) for 20min. The primary antibody against
galectin-1 (1:400; GTX 101566, GeneTex) was incubated over
night at 4°C. The slides were than washed and incubated
with HRP-conjugated secondary antibody (111-035-003; Jackson
ImmunoResearch) for 1h at RT. The signal was detected
by incubation at RT with a 0.05% diaminobenzidine in
0.015% H,O, substrate solution. After washing, nuclei were
counterstained with 0.1% Mayer’s hematoxylin followed by
a standard dehydration procedure and mounting in Entellan
(Merck Millipore).

Statistics

Data analysis was performed with GraphPad Prism 7 (GraphPad
Software, Inc.). Data are presented as mean £+ SEM and
were analyzed with D’Agostino-Pearson omnibus normality test
followed by unpaired t-test or Mann-Whitney test. A p < 0.05
was considered as significant.

RESULTS

Dysregulation of the NK Cell or DC Pool
Changed the Distribution of O-Glycans,
Complex N-Glycans, and Sialylation in the
Mesometrial Decidua and Vascular Zone

During the Pre-placentation Period

In order to determine whether temporary ablation of NK cell
or expansion of DC during early pregnancy could influence
the glycophenotype of the implantation sites, we analyzed
implantation sites during the pre-placentation period (on E7.5)
focusing on the quantification within the mesometrial decidua
(MD) and vascular zone (VZ) (Figure 1B).

We first examined the O-glycans during the pre-placentation
period (Figure 1C). During normal gestation abundant
expression of core 1 O-glycans (PNA) compared to Tn antigen
(HPA) and core 2 O-glycans (LEA) in the MD was observed
(Figure 1C, left panel). Depletion of NK cells during early
pregnancy caused a decrease in core 1 O-glycans (PNA) and an
increase of Tn antigens (HPA) in this region. In contrast, the
expansion of DC during the pre-placentation period caused a
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FIGURE 1 | Influence of NK cell depletion and DC expansion on the glycophenotype of implantation sites during the pre-placentation period. (A) For analysis of the
glycophenotype, lectins were used to detect different types of glycosylation. O-glycan structures were recognized by Helix pomatia agglutinin (HPA; Tn-antigen),
Arachis hypogaea lectin (PNA; core 1), and Lycopersicon esculentum lectin (LEA; core 2). In addition, we employed Phaseolus vulgaris lectin (PHA-L), which
specifically recognizes p1-6GIcNAc-branched complex N-glycans. Finally, sialyation was determined using the Maackia amurensis lectin (MAA) and Sambucus nigra
agglutinin (SNA-I) which bind to «2,3- and «2,6-linked sialic acid, respectively. (B) Experimental design: pregnant CD11c.DTR females were injected (i.p.) on E4.5 with
anti asialo GM1 for transient ablation of NK cells. For the expansion of uterine DC, pregnant CD11c.DTR females were treated with one daily injection of FL (10
mg/mouse/day) from EQ.5 to E7.5 as described in material and methods. Pre- (E7.5) and post-placentation (E13.5) period implantation sites were included in the
glycodynamics analysis. (C-E) Quantification of O-glycan (C), complex N-glycan (D), and sialylated glycan (E) mean fluorescence intensity (MFI) in the mesometrial
decidual (MD), and vascular zone (VZ) of implantation sites following NK cell ablation or DC expansion during the pre-placentation stage. In all figures, data shown are
mean + S.E.M. and differences are denoted as *P < 0.05, **P < 0.01, and ***P < 0.001, as analyzed by Mann-Whitney U-test. AMD, antimesometrial decidua; Dec,
decidua; MD, mesometrial decidua; VZ, vascular zone; GC, giant cells; Jz, junctional zone; Lab, labyrinth.

slight increase in Tn antigens (HPA) and decreased expression
of core 1 (PNA) and core 2 O-glycans (LEA). Under normal
conditions, HPA reactive O-glycans were observed in the VZ
on E7.5. Of note, HPA-reactivity was significantly increased
in the VZ of the aNK and the eDC group compared to the
control group, with the aNK group showing the highest MFI.
No changes were observed in PNA reactive glycans. LEA
staining was increased in the VZ of the aNK group but not
in the eDC group compared to the control group (Figure 1C,

right panel). Next, we examined the distribution of complex
branched N-glycans (specifically MGAT5-modified) during the
pre-placentation period (Figure 1D). Glycans bound by PHA-L
were observed in the MD of all groups (Figure 1D, left panel),
with comparable mean fluorescence intensities (MFIs) of the
control and the aNK group. Notably, a significantly lower MFI
in the MD of the eDC group was observed compared to the
aNK group. Regarding the distribution of complex branched
N-glycans within the VZ, binding of PHA-L showed that
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staining intensity was significantly increased in the aNK and
the eDC group compared to the control group (Figure 1D,
right panel). As for the distribution pattern of sialylated
glycans in the MD, the control group and the aNK group
showed comparable MFIs but the eDC group displayed a
lower MAA MEFI (Figure 1E, left panel). For SNA-I reactive
glycans, similar MFIs in the aNK and the eDC group were
observed at the MD during the pre-placentation period.
Staining intensity for «2,3-linked sialic acid (MAA) was
significantly increased in the VZ of the aNK group compared
to the control group, whereas SNA-I reactive glycans showed
a significant increase in the aNK and eDC dams (Figure 1E,
right panel).

Imbalance on NK or DC Cell Subsets
During Early Gestation Provokes Altered
O- and N-Glycosylation Patterns in the

Post-placentation Period

Taking into account that alterations of NK cell and DC relative
abundance were shown to influence the placentation process and
epigenetic programming in the offspring (13), we next examined
changes in the glycophenotype during the post-placentation
period (E13.5). Figure 2A (upper panel) shows the distribution
of O-glycans within the decidua and placenta. During normal
gestation Tn antigen (HPA) was only observable in the decidua
and on giant cells (GC). In contrast, core 1 (PNA, middle panels),
and core 2 O-glycans (LEA, bottom panels) were observed
in all layers of the implantation site (including decidua, GC,
junctional zone (Jz), and labyrinth). More Tn antigen (HPA)
was observed on GC trophoblast than in the decidua. Core 1
O-glycans (PNA) were abundantly expressed in all layers but
core 2 O-glycans (LEA) were more abundant on GC than in
the decidua. Depletion of NK cells during early pregnancy was
associated with decreased levels of core 1 O-glycans (PNA) on GC
and Jz and reduced expression of core 2 O-glycans (LEA) on GC
(Figure 2A, middle and bottom panels). In contrast, expansion
of DC provoked an increase of Tn antigen (HPA) in the decidua
(Figure 2A, upper panel), accompanied by increased expression
of core 1 O-glycans (PNA) on GC but reduced expression in
the Jz (middle panels). When analyzing the complex branched
N-glycans (PHA-L, Figure 2B), we observed that during the
post-placentation period reactivity in the decidua is stronger
than in the placenta in undisturbed pregnancy. Expression of
branched, complex N-glycans (PHA-L) was increased in the
decidua and the Jz of the aNK group, but only in the labyrinth of
eDC placentas. Finally, analysis of sialyation showed that MAA-
reactive a2,3-linked sialic acid was detected on giant cells and
in the labyrinth under normal placentation (Figure 2C, upper
panel), accompanied with a strong expression of «2,6-linked
sialic acid (SNA-I, bottom panel) in the decidua. Compared to
controls, depletion of NK cells during early pregnancy provoked
a decrease of 02,3-sialylation in the decidua and the Jz and an
increase of a2,6-sialylation in the Jz, whereas placentas derived
from DC expanded dams showed a decrease of 02,6-sialylation
in the Jz.

Alteration of the Glycosylation Signature
During the Pre- and Post-placentation
Period is Accompanied by Changes on
Gal-1 Expression

Given its well-established role in the modulation of pregnancy
associated processes (20, 21), our next aim was to characterize
galectin-1 (gal-1) expression during the pre- (E7.5) and post-
(E13.5) placentation period. During the pre-placental period, we
observed reduced gal-1 expression on the mesometrial decidua
upon NK cell depletion compared to untreated dams (Figure 2D,
left panel), whereas MD expression of this lectin was not sensitive
to DC expansion. In contrast, both treated groups (aNK and
eDC) exhibited decreased levels of gal-1 expression in the VZ,
especially on endothelial cells during the pre-placentation period.
As pregnancy progressed to the post-placentation period, aNK
dams showed increased gal-1 expression within the decidua
and placental layers (including GC, Jz, and labyrinth) compared
to controls (Figure 2D, right panel). However, eDC placentas
showed decreased gal-1 levels on the GC and the labyrinth
on E13.5, suggesting that changes of gal-1 expression together
with an altered glycosylation signature could interfere with the
pregnancy protective functions of this lectin.

DISCUSSION

Changes in local immune cells dynamics (e.g., uNK cells and
DC) during early gestation lead to the development of placental
abnormalities and particularly upon NK cell depletion, fetal
growth restriction (11-13). Our study on gal-1-glycan circuits
in mice shows that changes in immune cell subset frequencies
during the pre-placentation period differentially alter the
placental glycophenotypes: placenta derived from NK depleted
dams displayed reduced expression of O-glycans and «2,3-
sialylation in placental layers accompanied by upregulation of
complex N-glycans (Figure 3). This does not seem to be the case
in placenta derived from expanded DC dams, which by contrast
displayed milder changes in the placental glycophenotype with a
modest reduction of core 1 O-glycosylation and «2,6-sialylation
specially in the junctional zone and only a slight increase of
N-glycans in the labyrinth.

Our study has limitations regarding the challenges of
studying diversity on glycopatterns and the lack of in
vitro experimentation, with specific consideration for
the technical difficulty to preserve glycan structure and
mimic the complex glycovariations in an in vitro setting.
Nevertheless, the results reported herein highlight the notion
that balanced innate immune cell dynamics at the maternal fetal
interface have a strong impact on the glycophenotype, thereby
influencing galectin-glycan interactions driving decidual and
placental functions.

Pre-placentation Impaired NK Cell-DC
Dynamic Alters Glycopatterns Within

the Maternal Vascular Decidua
During early gestation, NK cells and DC shape decidual adaption
to the developing embryo regulating angiogenesis and vascular
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FIGURE 2 | Placental glycocode dynamics upon NK cell depletion and DC expansion during early gestation. (A) Quantification of O-glycan distribution across decidua
and placenta layers on E13.5. Tn antigen was identified using the Helix pomatia agglutinin (HPA), core 1 and core 2 O-glycans were detected by Arachis hypogaea
lectin (PNA) and Lycopersicon esculentum lectin (LEA), respectively. (B) Expression patterns of complex N-glycans were detected by Phaseolus vulgaris lectin (PHA-L)
on E13.5. (C) Sialylation in the post-placentation period was characterized using Maackia amurensis lectin (MAA) and Sambucus nigra agglutinin (SNA-I) which bind
to a2,3- and a2,6-linked sialic acid, respectively. (D) Analysis of galectin-1 (gal-1) expression during the pre- (E7.5) and post-placentation (E13.5) period. In all panels,
bars show the MFI mean values and the corresponding S.E.M. Differences are noted as *P < 0.05, **P < 0.01, and ***P < 0.001 according to Mann-Whitney U-test.
MFI, mean fluorescence intensity; MD, mesometrial decidua; VZ, vascular zone; GC, giant cells; Jz, junctional zone; Lab, labyrinth.
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characterized by an increased gal-1 expression.
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growth (11-13). We have previously shown that DC found
associated with the decidual vasculature co-express CXCR4
and impaired homing of CXCR41TDC altered decidual vascular
organization with impaired spiral artery remodeling later in
gestation (11). In this study, we further reveal that alterations on
the NK cell and DC pool dynamics during the pre-placentation
period affect the glycopattern of the vasculature at the feto-
maternal interface. In this regard, the VEGF system plays a
paramount role in uterine vascular permeability and angiogenesis
during implantation and decidualization (22,23) and several
findings have highlighted the importance of glycosylation
for VEGFR2 functionality. For instance, VEGF-dependent
proliferation is influenced by heparan sulfate (24) and complex
branched N-glycans on the VEGFR2 are responsible for gal-
1/VEGF-like signaling to sustain angiogenesis (25). Sialylation
on VEGFR2 can also determine the signaling capacity of this
receptor through gal-1. Thus, 02,6- linked, but not «2,3-terminal
sialic acid inhibits binding of gal-1, which can also bind to
the VEGFR2 to activate alternative pro-angiogenic signaling
(25, 26). Additionally, exposure of endothelial cells to hypoxic
conditions leads to increased branching of 1,6 branched N-
glycan structures, and elongation of poly-LacNAc residues on
core 2 O-glycans (25). These examples highlight the versatility
of the endothelial glycome and its ability to adapt to cellular
physiology. Indeed, several of these changes in the glycosylation
pattern of the vascular zone during the pre-placentation period
were observed in the present study upon DC expansion or
NK cell ablation. Ablation of NK cells provoked an increase
of core 2 O-glycans, branched N-glycans, and «2,3-sialyation
compared to the control group, indicating the possibility of
hypoxic or inflammatory conditions and increased gal-1 binding.
These changes may occur to compensate the low gal-1 levels
due to reduced NK cell abundance in these implantation sites.
Expansion of DC, on the other hand, led to increased expression
of branched N-glycans and «2,6-linked sialic acid compared
to the control group; which despite not affecting the normal
VEGF/VEGFR2 signaling pathway may lead to lower gal-1
sensitivity of cells in the vascular zone of this group. The corollary
to these observations is that the decidual vascular glycocode
appears to be dependent on the concerted actions of NK cells
and DC, by virtue of their effect as modulators of VEGF/ gal-1
signaling pathways.

Thickness of the glycocalyx covering endothelial cells can
influence the access of leukocytes to adhesion receptors on the
endothelial cell surface. Pro-inflammatory cytokines, such as
TNF-a, can lead to disruption of the endothelial glycocalyx
and thus to an increase in leukocyte recruitment (27, 28). In
this context, immune cell imbalance (i.e., DC expansion or
NK cell depletion) during early pregnancy may influence the
cytokine profile at the implantation site, leading to altered
properties of the endothelial glycocalyx by directly influencing
the expression of glycosyltransferases. Indeed, our previous
studies have shown that expansion of DC was associated with a
significant upregulation of the CXCL12/CXCR4 pathway; which
has recently been shown to enhance megakaryocyte expression
of B4GalT1 (29), one of the main galactosyltransferases involved
in the synthesis of the LacNAc moieties present in core 2

O-glycans and complex N-glycans. In turn, since B4GalT1-
dependent galactosylation modulates 1 integrin function (29),
such cytokine-mediated changes in the endothelial glycocalyx
may further contribute to immune disbalance by provoking a
differential recruitment of leukocytes due to altered cell adhesion
properties. Indeed, DC expansion or NK cell depletion induced
several changes in the glycosylation pattern in the vascular
zone during the pre-placentation period, particularly in the
expression of Tn antigen. In addition, endothelial gal-1 has been
shown to reduce lymphocyte recruitment (30), further indicating
that in the aNK group, which showed reduced gal-1 staining
of endothelial cells, lymphocyte trafficking might be enhanced
compared to the control group.

Pre-placentation Manipulation of the
Relative NK Cell-DC Abundance Modifies

Gal-1 Binding Placental Glycophenotypes

Trophoblast glycodiversity is part of the trophoblast lineage
identity (31). Several pregnancy complications including
preeclampsia, IUGR, and miscarriages were associated with
specific differential glycosylation patterns after the onset of the
disease (16-19, 32). In a first effort to identify early glycosignals
that influence placental development upon disruption of
the NK cell-DC dynamics, we show here that changes in
trophoblast glycosylation patterns precede poor pregnancy
outcomes (e.g., IUGR). For instance, Tn antigen O-glycans
are exclusively expressed on the giant cell layer of the placenta
and to a lesser extent in the decidua during unchallenged
pregnancy. Both depletion of NK cells or expansion of DC in
absence of dangers signals increased Tn antigen expression in
the decidua. Since Tn antigen expression has been linked to
enhanced growth and invasion ability in cancer cells (33-35),
it is possible that increased decidual Tn antigen expression
would act to facilitate trophoblast invasion. In this regard,
trophoblast giant cells showed intense staining with LEA,
indicating increased expression of LacNAc core 2 O-glycans
during normal pregnancy. Giant cells in particular need to
acquire an invasive character to make contact to the maternal
arteries and replace the endothelial cell lining of the maternal
blood vessels to funnel blood into the placenta. Importantly, our
results further showed a down-regulation of core 2 O-glycans
on giant cells derived from NK ablated dams. As cell surface
mucin 1 (MUCI) carrying core 2 O-glycans is involved in
trophoblast migration and adhesion to uterine endothelial cells
(36-39), data suggests that changes in MUC1 core 2 O-glycans
pattern would interfere with the invasive properties of giant
cells in NK ablated placentas. This is in agreement with our
previous work showing that aNK mice had impaired spiral
artery remodeling and IUGR (13), indicating that a differential
glycosylation pattern in the post-placentation period results
in poor spiral artery remodeling. Moreover, expression of
core 1 O-glycans has also been detected on MUCLI in the
human placenta (40). In our study, staining of core 1 O-glycans
by PNA also revealed reduced expression on trophoblast
giant cells (aNK group) and trophoblasts in the junctional
zone (aNK and eDC group), which could further indicate
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alterations in mucin expression or glycosylation. Considering
that gal-1 is able to bind mucins on trophoblast cells and is
involved in the trophoblast invasion machinery (41, 42), the
increased gal-1 expression in aNK placenta may represent
an attempt to compensate reduced abundance of MUCI1
binding partners.

Enhanced expression of N-acetylglucosaminyl transferase
V (GnTV) characterizes first trimester placentas in normal
gestation (43). GnTV generates P1-6-N-acetylglucosamine
branches in complex N-glycans, which are recognized by
gal-1. In this context, LacNAc motives are a glycan signature
of invasive trophoblast cells not only on their surface but
also on their secretion product HLA-G (31, 44, 51). The
significantly higher expression of complex, branched N-
glycans detected in the junctional zone of the aNK group
indicates that the middle connecting layer of the placenta
efficiently glycoadapts to the maternal environment giving
rise to trophoblast giant cells and glycogen cells that invade
and anchor the placenta to the decidua (45). In addition, we
observed a switch on sialylation from o 2,3-linked to «2,6-
linked sialic acid in the labyrinth of the aNK group. This
finding correlates with the reduced fetal vascular density in
the labyrinth upon NK depletion and with the inflammatory
status due to the increased NK cell density in the mesometrial
lymphoid aggregate of pregnancy (13). Interestingly, changes in
the glycosylation status predominantly affecting the placental
labyrinth and junctional zone have been reported in a rat
model of hyperglycemic placental dysfunction (46, 47);
suggesting that glycovariations in these layers induced by
adverse maternal environments may have direct impact on
placental function.

Our results further showed that increased «2,6 sialylation
can reduce gal-1 mediated angiogenesis (48), which is critical
for healthy placentation (49). Moreover, the inhibition of
gal-1 binding by sialylation at the position six of galactose
has been suggested to make T cells resistant to apoptosis (50)
and might contribute to uncontrolled maternal inflammation
during pregnancy complications (20, 49). Indeed, increased
02,6 sialylation in STBEV surface has been associated
with human PE syndrome (19). Taken together, the results
reported here highlight the relevance of glycodynamics
during the pre- and post-placentation period that could be

1. Moffett A, Loke C. Immunology of placentation in eutherian
mammals. Nat Rev Immunol. (2006) 6:584-94. doi: 10.1038/nr
1897

2. Saito S, Shiozaki A, Nakashima A, Sakai M, Sasaki Y. The role of
the immune system in preeclampsia. Mol Aspects Med. (2007) 28:192—
209. doi: 10.1016/j.mam.2007.02.006

3. Delgado SR, Mcbey BA, Yamashiro S, Fujita J, Kiso Y, Croy BA. Accounting
for the peripartum loss of granulated metrial gland cells, a natural killer cell
population, from the pregnant mouse uterus. J Leukoc Biol. (1996) 59:262-
9. doi: 10.1002/j1b.59.2.262

4. Karsten CM, Behrends J, Wagner AK, Fuchs E Figge J, Schmudde
I, et al. DC within the pregnant mouse uterus influence growth and

helpful to the understanding of the pathogenesis of poor
pregnancy outcomes.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Charité—
Universitidtsmedizin Berlin and Regional Office for Health and
Social Affairs.

AUTHOR CONTRIBUTIONS

SMB designed the study and secured grant funding. SB, IT-G, GB,
NE SMB, and MG performed experiments and/or analyzed data.
SB, GB, and SMB wrote the manuscript. All authors gave approval
for publication.

FUNDING

We acknowledge support from the German Research
Foundation (DFG) and the Open Access Publication Fund
of Charité—Universititsmedizin Berlin. Research grants
from the DFG BL1115/1-2, BLI1115/4-1 and Heisenberg
Program BL1115/3-1, BL1115/7-1 to SMB and the bilateral
cooperation project 01DN16022 between Ministerio de Ciencia
y Tecnologia (MINCYT, Argentina) and Bundesministerium
fir Bildung und Forschung—Deutschen Zentrum fiir Luft
und Raumfahrt (BMBF-DLR, Germany) to SMB and GB.
MG thanks the Alexander von Humboldt Foundation for
the sponsoring of a renewed research stay at the ECRC,
Charité—Universititsmedizin Berlin (ARG/1128984).

ACKNOWLEDGMENTS

We would like to express our gratitude to Petra Moschansky and
Gudrun Koch for the excellent technical work involved in tissue
processing and histology.

functional properties of uterine NK cells. Eur J Immunol. (2009) 39:2203-
14. doi: 10.1002/¢ji.200838844

5. Wang C, Umesaki N, Nakamura H, Tanaka T, Nakatani K, Sakaguchi I,
et al. Expression of vascular endothelial growth factor by granulated metrial
gland cells in pregnant murine uteri. Cell Tissue Res. (2000) 300:285-
93. doi: 10.1007/s004410000198

6. Zhang ], Chen Z, Smith GN, Croy BA. Natural killer cell-triggered vascular
transformation: maternal care before birth? Cell Mol Immunol. (2011) 8:1-
11. doi: 10.1038/cmi.2010.38

7. Hofmann AP, Gerber SA, Croy BA. Uterine natural killer cells pace early
development of mouse decidua basalis. Mol Hum Reprod. (2014) 20:66-
76. doi: 10.1093/molehr/gat060

8. Blois SM, Alba Soto CD, Tometten M, Klapp BE, Margni RA, Arck
PC. Lineage, maturity, and phenotype of uterine murine dendritic cells

Frontiers in Immunology | www.frontiersin.org

July 2020 | Volume 11 | Article 1316


https://doi.org/10.1038/nri1897
https://doi.org/10.1016/j.mam.2007.02.006
https://doi.org/10.1002/jlb.59.2.262
https://doi.org/10.1002/eji.200838844
https://doi.org/10.1007/s004410000198
https://doi.org/10.1038/cmi.2010.38
https://doi.org/10.1093/molehr/gat060
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Borowski et al.

Placental Glycovariation Upon Immune Imbalance

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

throughout gestation indicate a protective role in maintaining pregnancy. Biol
Reprod. (2004) 70:1018-23. doi: 10.1095/biolreprod.103.022640

. Krey G, Frank P, Shaikly V, Barrientos G, Cordo-Russo R, Ringel E, et al. In vivo

dendritic cell depletion reduces breeding efficiency, affecting implantation
and early placental development in mice. ] Mol Med. (2008) 86:999-
1011. doi: 10.1007/s00109-008-0379-2

Plaks V, Birnberg T, Berkutzki T, Sela S, Benyashar A, Kalchenko V, et al.
Uterine DCs are crucial for decidua formation during embryo implantation
in mice. J Clin Invest. (2008) 118:3954-65. doi: 10.1172/JCI36682

Barrientos G, Tirado-Gonzalez I, Freitag N, Kobelt P, Moschansky
P, Klapp BE et al. CXCR4(+) dendritic cells promote angiogenesis
during  embryo  implantation in Angiogenesis. ~ (2013)
16:417-27. doi: 10.1007/s10456-012-9325-6

Tirado-Gonzalez I, Barrientos G, Freitag N, Otto T, Thijssen VL, Moschansky
P, et al. Uterine NK cells are critical in shaping DC immunogenic
functions compatible with pregnancy progression. PLoS ONE. (2012)
7:€46755. doi: 10.1371/annotation/9c332046-387a-4bbc-9549-2bcff73afd9a
Freitag N, Zwier MV, Barrientos G, Tirado-Gonzalez I, Conrad ML, Rose
M, et al. Influence of relative NK-DC abundance on placentation and its
relation to epigenetic programming in the offspring. Cell Death Dis. (2014)
5:¢1392. doi: 10.1038/cddis.2014.353

Blois SM, Freitag N, Tirado-Gonzalez I, Cheng SB, Heimesaat
MM, Bereswill S, et al. NK cell-derived IL-10 is critical for DC-
NK cell dialogue at the maternal-fetal interface. Sci Rep. (2017)
7:2189. doi: 10.1038/s41598-017-02333-8

Gabius HJ, Andre S, Kaltner H, Siebert
functional  lectinomics.  Biochim  Biophys
77. doi: 10.1016/50304-4165(02)00306-9

Zhang M, Wang M, Gao R, Liu X, Chen X, Geng Y, et al. Altered betal,6-
GIcNAc and bisecting GlcNAc-branched N-glycan on integrin betal are
associated with early spontaneous miscarriage in humans. Hum Reprod.
(2015) 30:2064-75. doi: 10.1093/humrep/dev153

Sgambati E, Biagiotti R, Marini M, Brizzi E. Lectin histochemistry in
the human placenta of pregnancies complicated by intrauterine growth
retardation based on absent or reversed diastolic flow. Placenta. (2002)
23:503-15. doi: 10.1053/plac.2002.0793

Marini M, Bonaccini L, Thyrion GD, Vichi D, Parretti E, Sgambati
E. Distribution of sugar residues in human placentas from pregnancies
complicated by hypertensive disorders. Acta Histochem. (2011) 113:815-
25. doi: 10.1016/j.acthis.2010.12.001

mice.

HC. The
Acta.  (2002)

sugar code:
1572:165-

Tannetta D, Masliukaite I, Vatish M, Redman C, Sargent I
Update of syncytiotrophoblast —derived extracellular vesicles in
normal pregnancy and preeclampsia. ] Reprod Immunol. (2017)

119:98-106. doi: 10.1016/j.jri.2016.08.008

Blois SM, Ilarregui JM, Tometten M, Garcia M, Orsal AS, Cordo-Russo R,
et al. A pivotal role for galectin-1 in fetomaternal tolerance. Nat Med. (2007)
13:1450-7. doi: 10.1038/nm1680

Blois SM, Dveksler G, Vasta GR, Freitag N, Blanchard V, Barrientos G.
Pregnancy galectinology: insights into a complex network of glycan binding
proteins. Front Immunol. (2019) 10:1166. doi: 10.3389/fimmu.2019.01166
Halder JB, Zhao X, Soker S, Paria BC, Klagsbrun M, Das SK, et al.
Differential expression of VEGF isoforms and VEGF(164)-specific receptor
neuropilin-1 in the mouse uterus suggests a role for VEGF(164) in vascular
permeability and angiogenesis during implantation. Genesis. (2000) 26:213-
24. doi: 10.1002/SICI1526-968X20000326:3<213::AID-GENE7>3.0.CO;2-M
Douglas NC, Tang H, Gomez R, Pytowski B, Hicklin DJ, Sauer CM, et al.
Vascular endothelial growth factor receptor 2 (VEGFR-2) functions to
promote uterine decidual angiogenesis during early pregnancy in the mouse.
Endocrinology. (2009) 150:3845-54. doi: 10.1210/en.2008-1207

Xu D, Fuster MM, Lawrence R, Esko JD. Heparan sulfate regulates VEGF165-
and VEGF121-mediated vascular hyperpermeability. J Biol Chem. (2011)
286:737-45. doi: 10.1074/jbc.M110.177006

Croci DO, Cerliani JP, Dalotto-Moreno T, Mendez-Huergo SP, Mascanfroni
ID, Dergan-Dylon S, et al. Glycosylation-dependent lectin-receptor
interactions preserve angiogenesis in anti-VEGF refractory tumors. Cell.
(2014) 156:744-58. doi: 10.1016/j.cell.2014.01.043

Toscano MA, Bianco GA, Ilarregui JM, Croci DO, Correale J, Hernandez
JD, et al. Differential glycosylation of THI1, TH2 and TH-17 effector cells

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

selectively regulates susceptibility to cell death. Nat Immunol. (2007) 8:825-
34. doi: 10.1038/ni1482

Henry CB, Duling BR. TNF-alpha increases entry of macromolecules into
luminal endothelial cell glycocalyx. Am ] Physiol Heart Circ Physiol. (2000)
279:H2815-23. doi: 10.1152/ajpheart.2000.279.6.H2815

Bondt A, Rombouts Y, Selman MH, Hensbergen PJ, Reiding KR,
Hazes JM, et al. Immunoglobulin G (IgG) Fab glycosylation analysis
using a new mass spectrometric high-throughput profiling method
reveals pregnancy-associated changes. Mol Cell Proteomics. (2014)
13:3029-39. doi: 10.1074/mcp.M114.039537

Giannini S, Lee-Sundlov MM, Rivadeneyra L, Di Buduo CA, Burns R,
Lau JT, et al. beta4dGALT1 controls betal integrin function to govern
thrombopoiesis and hematopoietic stem cell homeostasis. Nat Commun.
(2020) 11:356. doi: 10.1038/s41467-019-14178-y

Norling LV, Sampaio AL, Cooper D, Perretti M. Inhibitory control of
endothelial galectin-1 on in vitro and in vivo lymphocyte trafficking. FASEB
J. (2008) 22:682-90. doi: 10.1096/1j.07-9268com

Chen Q, Pang PC, Cohen ME, Longtine MS, Schust DJ, Haslam SM, et al.
Evidence for differential glycosylation of trophoblast cell types. Mol Cell
Proteomics. (2016) 15:1857-66. doi: 10.1074/mcp.M115.055798

Brown HM, Green ES, Tan TCY, Gonzalez MB, Rumbold AR, Hull
ML, et al. Periconception onset diabetes is associated with embryopathy
and fetal growth retardation, reproductive tract hyperglycosylation
and impaired immune adaptation to pregnancy. Sci Rep. (2018)
8:2114. doi: 10.1038/541598-018-19263-8

Kudelka MR, Ju T, Heimburg-Molinaro J, Cummings RD. Simple sugars to
complex disease-mucin-type O-glycans in cancer. Adv Cancer Res. (2015)
126:53-135. doi: 10.1016/bs.acr.2014.11.002

Jiang Y, Liu Z, Xu F, Dong X, Cheng Y, Hu Y, et al. Aberrant O-glycosylation
contributes to tumorigenesis in human colorectal cancer. J Cell Mol Med.
(2018) 22:4875-85. doi: 10.1111/jcmm.13752

Liu Z, Liu J, Dong X, Hu X, Jiang Y, Li L, et al. Tn antigen
promotes human colorectal cancer metastasis via H-Ras mediated epithelial-
mesenchymal transition activation. | Cell Mol Med. (2019) 23:2083-
92.doi: 10.1111/jcmm.14117

Shalom-Barak T, Nicholas JM, Wang Y, Zhang X, Ong ES, Young
TH, et al. Peroxisome proliferator-activated receptor gamma controls
Mucl transcription in trophoblasts. Mol Cell Biol. (2004) 24:10661-
9. doi: 10.1128/MCB.24.24.10661-10669.2004

Thirkill TL, Cao T, Stout M, Blankenship TN, Barakat A, Douglas GC. MUC1
is involved in trophoblast transendothelial migration. Biochim Biophys Acta.
(2007) 1773:1007-14. doi: 10.1016/j.bbamcr.2007.04.006

Shyu MK, Lin MC, Liu CH, Fu YR, Shih JC, Lee CN, et al. MUC1
expression is increased during human placental development and suppresses
trophoblast-like cell invasion in vitro. Biol Reprod. (2008) 79:233-
9. doi: 10.1095/biolreprod.108.067629

Suzuki Y, Sutoh M, Hatakeyama S, Mori K, Yamamoto H, Koie T, et al. MUC1
carrying core 2 O-glycans functions as a molecular shield against NK cell
attack, promoting bladder tumor metastasis. Int ] Oncol. (2012) 40:1831-8.
doi: 10.3892/ij.2012.1411

Jeschke U, Richter DU, Hammer A, Briese V, Friese K, Karsten U. Expression
of the Thomsen-Friedenreich antigen and of its putative carrier protein mucin
1 in the human placenta and in trophoblast cells in vitro. Histochem Cell Biol.
(2002) 117:219-26. doi: 10.1007/500418-002-0383-5

Kolundzic N, Bojic-Trbojevic Z, Kovacevic T, Stefanoska I, Kadoya T, Vicovac
L. Galectin-1 is part of human trophoblast invasion machinery-a functional
study in vitro. PLoS ONE. (2011) 6:€28514. doi: 10.1371/journal.pone.
0028514

Bojic-Trbojevic ~ Z,  Jovanovic ~ Krivokuca M,  Kolundzic N,
Petronijevic M, Vrzic-Petronijevic S, Golubovic S, et al. Galectin-
1 binds mucin in human trophoblast. Histochem Cell Biol. (2014)
142:541-53. doi: 10.1007/s00418-014-1229-7

Tomiie M, Isaka S, Miyoshi E, Taniguchi N, Kimura T, Ogita K,
et al. Elevated expression of N-acetylglucosaminyltransferase V in first
trimester human placenta. Biochem Biophys Res Commun. (2005) 330:999-
1004. doi: 10.1016/j.bbrc.2005.02.186

Jones CJ, Carter AM, Aplin JD, Enders AC. Glycosylation at the fetomaternal
interface in hemomonochorial placentae from five widely separated species

Frontiers in Immunology | www.frontiersin.org

July 2020 | Volume 11 | Article 1316


https://doi.org/10.1095/biolreprod.103.022640
https://doi.org/10.1007/s00109-008-0379-2
https://doi.org/10.1172/JCI36682
https://doi.org/10.1007/s10456-012-9325-6
https://doi.org/10.1371/annotation/9c332046-387a-4bbc-9549-2bcff73afd9a
https://doi.org/10.1038/cddis.2014.353
https://doi.org/10.1038/s41598-017-02333-8
https://doi.org/10.1016/S0304-4165(02)00306-9
https://doi.org/10.1093/humrep/dev153
https://doi.org/10.1053/plac.2002.0793
https://doi.org/10.1016/j.acthis.2010.12.001
https://doi.org/10.1016/j.jri.2016.08.008
https://doi.org/10.1038/nm1680
https://doi.org/10.3389/fimmu.2019.01166
https://doi.org/10.1002/SICI1526-968X20000326:3$<$213::AID-GENE7$>$3.0.CO
https://doi.org/10.1210/en.2008-1207
https://doi.org/10.1074/jbc.M110.177006
https://doi.org/10.1016/j.cell.2014.01.043
https://doi.org/10.1038/ni1482
https://doi.org/10.1152/ajpheart.2000.279.6.H2815
https://doi.org/10.1074/mcp.M114.039537
https://doi.org/10.1038/s41467-019-14178-y
https://doi.org/10.1096/fj.07-9268com
https://doi.org/10.1074/mcp.M115.055798
https://doi.org/10.1038/s41598-018-19263-8
https://doi.org/10.1016/bs.acr.2014.11.002
https://doi.org/10.1111/jcmm.13752
https://doi.org/10.1111/jcmm.14117
https://doi.org/10.1128/MCB.24.24.10661-10669.2004
https://doi.org/10.1016/j.bbamcr.2007.04.006
https://doi.org/10.1095/biolreprod.108.067629
https://doi.org/10.3892/ij.2012.1411
https://doi.org/10.1007/s00418-002-0383-5
https://doi.org/10.1371/journal.pone.0028514
https://doi.org/10.1007/s00418-014-1229-7
https://doi.org/10.1016/j.bbrc.2005.02.186
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Borowski et al.

Placental Glycovariation Upon Immune Imbalance

45.

46.

47.

48.

49.

of mammal: is there evidence for convergent evolution? Cells Tissues Organs.
(2007) 185:269-84. doi: 10.1159/000102175

Soncin F, Natale D, Parast MM. Signaling pathways in mouse and human
trophoblast differentiation: a comparative review. Cell Mol Life Sci. (2015)
72:1291-302. doi: 10.1007/s00018-014-1794-x

Dela Justina V, Goncalves ]S, De Freitas RA, Fonseca AD, Volpato

GT, Tostes RC, et al. Increased O-linked N-acetylglucosamine
modification of NF-KappaB and augmented cytokine production
in the placentas from hyperglycemic rats. Inflammation. (2017)

40:1773-81. doi: 10.1007/s10753-017-0620-7

Dela Justina V, Dos Passos Junior RR, Bressan AFE, Tostes RC, Carneiro
ES, Soares TS, et al. O-linked N-acetyl-glucosamine deposition in placental
proteins varies according to maternal glycemic levels. Life Sci. (2018) 205:18-
25. doi: 10.1016/j.1fs.2018.05.013

Cerliani JP, Blidner AG, Toscano MA, Croci DO, Rabinovich GA.
Translating the “Sugar Code” into immune and vascular signaling
programs. Trends Biochem Sci. (2017) 42:255-73. doi: 10.1016/j.tibs.2016.
11.003

Freitag N, Tirado-Gonzalez I, Barrientos G, Herse E, Thijssen VL, Weedon-
Fekjaer SM, et al. Interfering with Gal-1-mediated angiogenesis contributes to

50.

51.

the pathogenesis of preeclampsia. Proc Natl Acad Sci USA. (2013) 110:11451-
6. doi: 10.1073/pnas.1303707110

Di Lella S, Sundblad V, Cerliani JP, Guardia CM, Estrin DA, Vasta GR, et al.
When galectins recognize glycans: from biochemistry to physiology and back
again. Biochemistry. (2011) 50:7842-57. doi: 10.1021/bi201121m

Mcmaster M, Zhou Y, Shorter S, Kapasi K, Geraghty D, Lim KH, et al. HLA-G
isoforms produced by placental cytotrophoblasts and found in amniotic fluid
are due to unusual glycosylation. ] Immunol. (1998) 160:5922-8.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Borowski, Tirado-Gonzalez, Freitag, Garcia, Barrientos and Blois.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org

10

July 2020 | Volume 11 | Article 1316


https://doi.org/10.1159/000102175
https://doi.org/10.1007/s00018-014-1794-x
https://doi.org/10.1007/s10753-017-0620-7
https://doi.org/10.1016/j.lfs.2018.05.013
https://doi.org/10.1016/j.tibs.2016.11.003
https://doi.org/10.1073/pnas.1303707110
https://doi.org/10.1021/bi201121m
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Altered Glycosylation Contributes to Placental Dysfunction Upon Early Disruption of the NK Cell-DC Dynamics
	Introduction
	Materials and Methods
	Animals
	Immunofluorescence
	Galectin-1 Staining
	Statistics

	Results
	Dysregulation of the NK Cell or DC Pool Changed the Distribution of O-Glycans, Complex N-Glycans, and Sialylation in the Mesometrial Decidua and Vascular Zone During the Pre-placentation Period
	Imbalance on NK or DC Cell Subsets During Early Gestation Provokes Altered O- and N-Glycosylation Patterns in the Post-placentation Period
	Alteration of the Glycosylation Signature During the Pre- and Post-placentation Period is Accompanied by Changes on Gal-1 Expression

	Discussion
	Pre-placentation Impaired NK Cell-DC Dynamic Alters Glycopatterns Within the Maternal Vascular Decidua
	Pre-placentation Manipulation of the Relative NK Cell-DC Abundance Modifies Gal-1 Binding Placental Glycophenotypes

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


