
ORIGINAL RESEARCH
published: 12 February 2020

doi: 10.3389/fimmu.2020.00145

Frontiers in Immunology | www.frontiersin.org 1 February 2020 | Volume 11 | Article 145

Edited by:

Ana Claudia Zenclussen,

University Hospital

Magdeburg, Germany

Reviewed by:

Martin Gauster,

Medical University Graz, Austria

Offer Erez,

Soroka Medical Center, Israel

Udo Jeschke,

Ludwig-Maximilians-Universität

München, Germany

*Correspondence:

Simona W. Rossi

simona.rossi@unibas.ch

Specialty section:

This article was submitted to

Immunological Tolerance and

Regulation,

a section of the journal

Frontiers in Immunology

Received: 25 October 2019

Accepted: 20 January 2020

Published: 12 February 2020

Citation:

Vokalova L, Balogh A, Toth E, Van

Breda SV, Schäfer G, Hoesli I,

Lapaire O, Hahn S, Than NG and

Rossi SW (2020) Placental Protein 13

(Galectin-13) Polarizes Neutrophils

Toward an Immune Regulatory

Phenotype. Front. Immunol. 11:145.

doi: 10.3389/fimmu.2020.00145

Placental Protein 13 (Galectin-13)
Polarizes Neutrophils Toward an
Immune Regulatory Phenotype

Lenka Vokalova 1, Andrea Balogh 2, Eszter Toth 2, Shane V. Van Breda 1, Günther Schäfer 1,

Irene Hoesli 3, Olav Lapaire 3, Sinuhe Hahn 1, Nandor Gabor Than 2,4,5 and Simona W. Rossi 1*

1 Prenatal Medicine, Department of Biomedicine, University and University Hospital Basel, Basel, Switzerland, 2 Systems

Biology of Reproduction Research Group, Institute of Enzymology, Research Centre for Natural Sciences, Budapest,

Hungary, 3Department of Antenatal Care, University Women’s Hospital Basel, Basel, Switzerland, 4 First Department of

Pathology and Experimental Cancer Research, Semmelweis University, Budapest, Hungary, 5Maternity Private Clinic of

Obstetrics and Gynecology, Budapest, Hungary

Termed as galectin-13, placental protein 13 (PP13) is exclusively expressed in

the placenta of anthropoid primates. Research on PP13 in normal and pathologic

pregnancies show alteration of PP13 concentrations in pregnancy affected by

preeclampsia or gestational diabetes. Galectins are also described as potent

immunomodulators, and PP13 regulates T cell function in the placenta. Therefore, this

study aims to investigate the effects of PP13 on neutrophils; a cell type often ignored in

pregnancy, but present in the uterus and placenta from the early stages of pregnancy.

Since neutrophil function is dysregulated during pathologic pregnancies, a link between

PP13 and neutrophil activity is possible. We determined that PP13 reduces the apoptosis

rate in neutrophils. Also, PP13 increases the expression of PD-L1 and production of

HGF, TNF-α, reactive oxygen species (ROS), and MMP-9 in these cells. This phenotype

resembles one observed in permissive tumor neutrophils; able to sustain tissue and

vessel growth, and inhibit T cell activation. At the same time, PP13 does not alter

all neutrophil functions, i.e., extrusion of neutrophil extracellular traps, degranulation,

phagocytosis, and ROS production following bacterial exposure. PP13 seems to play

an essential role in regulating the activity of neutrophils in the placenta by polarizing them

toward a placental-growth-permissive phenotype.

Keywords: placental protein 13, neutrophils, preeclampsia, pregnancy, tolerance, immunoregulation, galectin,

tumor permissive phenotype

INTRODUCTION

During pregnancy, the immune system is challenged by the presence of a semi-allogeneic fetus
and needs to maintain its protecting role for the mother. One key event in the formation of
the placenta that keeps the fetus physically separated from the mother is the invasion of the
extravillous cytotrophoblasts into maternal spiral arteries to remodel the wall of these vessels,
enabling increased and continuous blood flow from mother’s vascular system to the placenta to
sustain fetal growth [rev. in (1)]. This process is tightly regulated, and not all of the essential
players are known yet. During the last 10 years, genetic analysis revealed the presence of regulatory
molecules exclusively expressed in the placenta of human primates. The quest for novel biomarkers
for early identification of abnormal pregnancies revealed a novel potential candidate, placental
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protein 13 (PP13). PP13 is a member of the galectin family, a
protein dimer produced by the trophoblast and is thought to
be involved in normal placentation (2–4). The gene encoding
PP13 (LGALS13) is localized on chromosome 19 in a gene
cluster, neighbored by other galectin genes also expressed
solely by the placenta. PP13 protein is secreted from a very
early stage of pregnancy and can already be detected in the
bloodstream of pregnant women from the 5th week of gestation
(5). Immunohistochemistry and RNA hybridization studies
have pointed to its predominant localization in the placental
syncytiotrophoblast layer and blood vessels (3, 5). Supporting
the importance of PP13 immune functions in the placenta, a
growing number of studies have shown that the down-regulation
of PP13 in the placenta and maternal blood is associated with
the development of severe pregnancy complications with a
robust immune component, such as preeclampsia (6–8) and
miscarriages (9). Recently, Balogh et al. reported that PP13
increases the apoptosis of T cells and induces the production of
interleukin (IL)-8 (CXCL8) in these cells (9). It is vital since IL-8
is involved in angiogenesis and is also a potent chemoattractant
for neutrophils (9).

The role of neutrophils in the placenta is still a matter of
debate since their presence was mostly associated with adverse
pregnancy outcomes, i.e., preeclampsia (10), gestational diabetes
(11), and infections [i.e., intra-amniotic infection (12, 13) and
other infections rev. in (14)]. Neutrophils were shown to be
involved in the exacerbation of the symptoms while releasing
extracellular traps (NET), impairing the blood flow to the fetus,
and increasing the level of inflammation by releasing several
proteases (10, 11). Since neutrophils are present in the decidua
during the first trimester of pregnancy (15), while decidual
NK cells promote neutrophil migration, survival, and activation
(16) [and rev. in (17)]. In addition, T cells in the presence of
PP13 start producing chemoattractants to promote neutrophil
extravasation to the decidua (9). PP13 also creates zones of
necrosis to trap immune cells and allow trophoblast invasion
and vessel remodeling (18). Thus, we decided to investigate
the effect of PP13 on neutrophil biology. Indeed, neutrophils
were already described in the cancer setting to sustain cancer
growth, supporting angiogenesis, and inhibiting T cell activity
[among others recently rev. in (19, 20)]. The immunology of
the placenta was recently proposed by Mor et al. (14) as being
similar to the immunology of cancer, where a tumor-growth-
permissive environment is required. Some of the molecules
described in cancer or sepsis that characterize the polarization of
neutrophils are programmed death-ligand 1 (PD-L1) positive on
their surface (21), the secretion of regulatory cytokines, i.e., IL-10
(22), polarizing cytokines, i.e., IL-4 (23) or tumor necrosis factor
alpha (TNF-α) (24), enzymes able to untie junctions, i.e., matrix
metalloproteinase 9 (MMP-9) (25), and growth factors like
vascular endothelial growth factor (VEGF) (26) and hepatocyte
growth factor (HGF) (27, 28) that directly stimulate angiogenesis.
Not to be forgotten is the role of reactive oxygen species (ROS)
produced by neutrophils upon activation, also described to
induce angiogenesis (29) and control T cell proliferation (30).
We, therefore, planned to study the potential of PP13 to polarize
neutrophils toward a “growth-permissive” phenotype able to

sustain trophoblast growth and invasion. We found that PP13
sustains the survival of neutrophils, induces them to produce
ROS, HGF, and MMP-9, upregulates the expression of PD-
L1 while maintaining their functionality, like NET formation,
degranulation, phagocytosis, and bacterial killing.

MATERIALS AND METHODS

Human Neutrophil Isolation From
Peripheral Blood
EDTA anticoagulated blood was obtained from male and non-
pregnant female healthy human donors at the Blood Bank
of the Swiss Red Cross, Basel. Neutrophils were isolated by
PolymorphPrepTM (Axis-Shield). Erythrocytes were lysed by
red blood cell lysis buffer (Roche). Isolated neutrophils were
resuspended in RPMI 1640 supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S) and cultured
for 6–72 h depending on the experiment. All assays were repeated
with multiple donors to obtain experimental replicates.

Expression and Purification of
Recombinant Galectin-13 and Control GAL
Recombinant PP13 and control galectin (Gal) that was misfolded
(personal communication with NG Than) were expressed
as previously described (7) with modifications. Expression
plasmids containing full-length PP13 or control Gal, N-terminal
maltose-binding protein (MBP)- and C-terminal His6-tags, were
transformed into ClearColi BL21 (DE3) (Lucigen). For protein
expression cells were grown in LB-Miller broth to OD600 = 0.6 at
37◦C, induced with 0.4mM IPTG and grown for a further 4 h
at 30◦C. The following purification steps were applied: affinity
purification on MBPTrap HP column (GE Healthcare Life
Sciences), size exclusion chromatography (Superdex 200 Increase
SEC column, GE Healthcare Life Sciences) for elimination of
aggregates (only for control Gal), MBP cleavage by Tobacco
Etch virus (TEV) protease [expressed and purified according to
Kapust and Waugh (31)], affinity chromatography on HisTrap
HP columns (GE Healthcare Life Sciences), desalting and buffer
exchange on Bio-Gel P-6 Desalting Cartridge (Bio-Scale Mini,
Bio-Rad). All steps were carried out in the presence of 1mM
dithiothreitol (DTT). Finally, PP13 and control Gal in PBS
supplemented with 1mM DTT were aliquoted and stored
at−80◦C.

Apoptosis Assay
Neutrophils (1 × 106) were incubated for 24 h in tissue
culture plates with 3µg/ml recombinant PP13 or control Gal
in RPMI 1640 medium supplemented with 10% FBS and 1%
P/S. Third trimester hormonal environment was simulated by
supplementation of the medium with pregnancy hormones
(32): progesterone (P4, 100 ng/ml), estradiol (E2, 10 ng/ml), and
estriol (E3, 20 ng/ml). Afterwards, cells were incubated in 100
µl annexin binding buffer containing phycoerythrin-conjugated
Annexin V (Annexin V-PE) and 7-amino-actinomycin D (7-
AAD) (Annexin-V Apoptosis Detection Kit, ThermoFisher
Scientific) for 15min at room temperature (RT) in the dark.
After incubation, 400 µl annexin binding buffer was added and
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samples were measured immediately on a BD AccuriTM C6 FACS
(BD Biosciences). The Annexin V-PE+/7-AAD− and Annexin V-
PE+/7-AAD+ populations were taken as measurements of early
and late apoptotic cells, respectively. Data were analyzed using
FlowJo v10 software (FlowJo, LLC).

BeWo Cells and Co-culture Conditions
BeWo cells (ATCC CCL-98) were grown at 37◦C under a
humidified 5% CO2/95% in F-12K medium containing 10% FBS
and 1% P/S. Experiments were performed when cells reached
80% confluency between passages 5 and 10 in 24 well plates.

For co-culture experiments BeWo cells were seeded into 24-
well plates in growing medium. When cells were attached to
the plate and reached 80–90% of confluency (24 h) 1 × 105 of
freshly isolated neutrophils were added. The co-cultures were
treated with PP13 (3µg/ml). After 24 h incubation neutrophils
were collected, washed with 1ml PBS (pH 7.4), resuspended in 50
µl staining buffer and proceeded with flow cytometry staining.

Flow Cytometry Surface Staining
Fc receptor blocking on neutrophils was performed for 10min
(FcR binding inhibitor antibody, Invitrogen Life Technologies)
in staining buffer (PBS with 5% FBS and 0.1% sodium azide)
on ice. Cells were washed once and then stained with CD66b-
FITC (BioLegend, clone: G10F5), CD11b-PE (BioLegend, clone:
ICRF44), and PD-L1-APC (eBioscience, clone: MIH1) for 20min
on ice in dark. To measure the binding of recombinant PP13 to
the surface of neutrophils, 2 × 105 cells were initially washed
in PBS containing 1% BSA. Recombinant PP13, which we
conjugated with CF488 fluorophore using theMix-n-Stain CF488
kit (Sigma-Aldrich) according to the manufacturers protocol,
was incubated for 60min on ice or at 37◦C. After washing,
Fc receptors were blocked with human FcR blocking reagent
(Miltenyi Biotec) for 5min on ice. Anti-CD66b-APC antibody
(Biolegend) was used to stain neutrophils. In both cases, stained
neutrophils were washed twice and then acquired on a CytoFLEX
device (Beckman Coulter) by collecting data from 50,000 cells.
Data was analyzed using FlowJo v10 software.

ROS Production Assay
ROS production was performed as previously described (33).
Briefly, PMNs (1 × 106 cells/ml) treated or not with
PP13 or control Gal (3µg/ml) for 1 h were incubated with
dihydrorhodamine 123 (DHR123). Oxidation of DHR123 to
rhodamine 123 (R123) was measured by Biotek Synergy H1
Hybrid Reader (Biotek) plate reader (excitation 485 nm, emission
570 nm).

ELISA Assays
Commercially available Human ELISA Kits for HGF (ab100534),
IL-4 (ab215089), IL-10 (ab100549), MMP-9 (ab246439),
and VEGF-α (ab222510) (Abcam) were used to estimate
concentration of cytokines in culture medium supernatants
of neutrophils treated with PP13 (3µg/ml) for 1 h using the
manufacturer’s instructions.

RNA Isolation and Quantitative Real-Time
PCR
Initially, isolated neutrophils were treated with PP13 (3µg/ml)
or left untreated for 1 h. Total RNA was isolated from 3 ×

106 neutrophils using the RNeasy Mini Kit (Qiagen). TaqMan
RT-PCR was performed utilizing the Applied Biosystems
StepOne Plus cycler (Applied Biosystems) and TaqMan Gene
Expression Assay primer and probe sets (Applied Biosystems)
for TNF (HS01113624_g1), SERPINB1 (HS00961948_m1), and
GAPDH (HS99999905_m1).

Chemotaxis Assay
Chemotaxis assays were performed using a 24-well transwell
plate (34, 35). Briefly, PP13 and Control Gal (3µg/ml) were
diluted in RPMI 1640 containing 1% BSA, 10mM HEPES, and
were placed in the bottom wells of the chamber. Neutrophils
(1 × 105/well) in 150 µl medium were added to the upper wells
separated by a 3µmpore size uncoated polycarbonatemembrane
(Corning) from the lower wells. N-formyl-methionyl-leucyl-
phenylalanine (fMLP, 100 nM) was used as a positive control and
medium alone as a negative control. After incubating at 37◦C for
45min, transwell membranes and all liquid in bottom well were
removed and the content of the well-stained for flow cytometry
and identification of neutrophils.

Neutrophil Elastase Activity Measurement
Neutrophil elastase (NE) activity was measured as described
in (36). Briefly, 50 µL of medium supernatant was collected
after 24 h culturing of neutrophils in the presence or absence of
PP13 (3µg/ml), then incubated with the elastase substrate N-
methoxysuccinyl-Ala-Ala-Pro-Val-7-amido-4-methylcoumarin
(0.25mM, Sigma) in PBS for 30min at 37◦C, 5% CO2 in the
dark. The reaction product was analyzed at 360/455 nm.

Immunocytochemistry Analysis of NETs
NETs were quantified by immunofluorescence staining of
2.5 × 104 neutrophils/well in a 96-well plate in RPMI
1640 medium. Neutrophils were seeded into plate and pre-
treated with PP13 for 2 h at 37◦C. Afterwards, neutrophils
were stimulated by phorbol 12-myristate 13-acetate (PMA,
20 nM) and Ca2+-ionophore A23187 (2.5µM) for 1 h and
fixed in 4% paraformaldehyde. NETs were stained with mouse
anti-human MPO antibody (1:500, ab25989, Abcam) and
goat anti-mouse IgG AF555 (1:500, A21424, Invitrogen Life
Technologies) (37, 38). DNA was counterstained with 4′,6-
diamidino-2-phenylindole (DAPI, D9542, Sigma-Aldrich). NETs
were visualized using a Nikon Eclipse TI microscope and
analyzed with the NETQUANT (39).

Neutrophil Co-culture With Heat Killed
E. coli and S. aureus
Heat killed E. coli (ATCC 25922) or methicillin-susceptible S.
Aureus (ATCC 29213) bacteria were incubated with freshly
isolated neutrophils (105 cells/well) in the presence of PP13
(3µg/ml) at 37◦C for 30min. The neutrophils to bacterium
ratio was 1:100. ROS was measured immediately after adding

Frontiers in Immunology | www.frontiersin.org 3 February 2020 | Volume 11 | Article 145

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Vokalova et al. PP13 and Neutrophils in Pregnancy

bacteria and after 30min of incubation. Zero time point was used
as baseline.

Phagocytosis Assay
Neutrophils were cultured with or without PP13 for 72 h or
30min before exposure to 40 kDa Fluorescein isothiocyanate
(FITC)-dextran (1 mg/ml, Sigma). Cells were allowed to
phagocyte for 60min at 37◦C. Afterwards, samples were washed
with PBS and stained with the LIVE/DEADTM Fixable Red Dead
Cell Stain Kit (Invitrogen Life Technologies) for 30min at RT.
Samples were analyzed by a BD CytoFLEX instrument and
data were analyzed using FlowJo v10 software. Dead cells were
excluded from the analysis.

Statistics
Data were analyzed by one- or two- way ANOVA, or Student’s
t-test using GraphPad Prism 8. Quantitative real-time PCR data
(Ct-value) were normalized to GAPDH (1Ct value) and analyzed
by Student’s t-test. Data are presented as mean with standard
deviation. Values of P < 0.05 were considered significant (∗P <

0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).

RESULTS

PP13 Increases the Survival of Neutrophils
in Culture
We first investigated if PP13 could bind to the surface of
neutrophils since no known receptor for PP13 was described.
Indeed, PP13 did bind to the surface of neutrophils represented
by relative mean fluorescence (RMF) and the percentage of PP13
positive cells. Both values were higher when neutrophils were
incubated at 37◦C and not 4◦C (RMF: 1.57 ± 0.30 and 9.33
± 0.70; percentage of positive cells: 49.0 ± 2.9 and 15.3 ± 3.5,
respectively) (Figure 1A). We then proceeded to study the ability
of PP13 to induce apoptosis in neutrophils since this was recently
recognized to be the effect on T cells (9, 40). However, we were
surprised to observe that neutrophils in culture with PP13 did
survive better and their apoptotic capacity was reduced compared
to untreated neutrophils (Figure 1B, gray circles). Since in the
decidua neutrophils are also exposed to pregnancy hormones
we supplemented culture media with progesterone and estrogen
at concentrations mimicking the 3rd trimester. The addition of
pregnancy hormones did notmodify the response to PP13 for any
condition we cultured neutrophils in (Figure 1B, clear squares).
Looking for a mechanism contributing to reduced apoptotic
capacity, we studied the expression of SerpinB1. SerpinB1, also
known as monocyte NE inhibitor is expressed at high levels
in the cytoplasm of neutrophils and is one of the most potent
inhibitors of NE, cathepsin-G, and proteinase-3, which release
from granules during the apoptotic cascade (41). Indeed, PP13
increased the de novo RNA transcription of SERPINB1 in
neutrophils (Figure 1C).

PP13 Does Not Influence the Functionality
of Neutrophils
Better surviving neutrophils could constitute a danger for the
placental environment if their functionality increases because
of protease-mediated tissue damage, or could develop an

insufficient barrier if their functionality would be decreased.
Therefore, we investigated their ability to spontaneously secrete
NETs or upon stimulation with PMA and calcium ionophore
(A23187). The presence of PP13 in the culture did not modify
the ability of neutrophils to form NETs spontaneously, nor in
the presence of stimulants such as PMA or A23187 (Figure 2A).
Next, we studied the degranulation ability of neutrophils and
used a NE activity assay, where we measured in culture
the amount of N-methoxysuccinyl-Ala-Ala-Pro-Val-7-amido-4-
methylcoumarin that gets cleaved by NE. The presence of PP13
did not modify the ability to secrete an active form of NE
(Figure 2B). Subsequently, we studied the ability to phagocytose
using FITC-dextran labeled molecules. Also, after 3 days in
culture, PP13 did not modify the ability of neutrophils to
phagocytose (Figure 2C). One of the essential functions of
neutrophils is to neutralize bacteria via the secretion of reactive
oxygen species (ROS). We therefore cultured neutrophils in
the presence or absence of PP13 and as control a misfolded
galectin. PP13 was able to stimulate an increased release of ROS
(Figure 2D). Then, we asked if the presence of bacterial products
further stimulated this ability. Neutrophils were hence stimulated
with heat-killed E. coli (Figure 2E, left panel) or heat-killed S.
aureus (Figure 2E, right panel). In both cases, we measured
that PP13 on its own was able to increase the concentration of
ROS in culture and bacterial stimuli did not further increase
this capability.

PP13 Polarizes Neutrophils Toward a
Regulatory Phenotype
Since PP13 did not modify neutrophil functionality, we
wondered whether their phenotype could result in polarization
i.e., like in cancer tissue. The placenta, and more specifically, the
decidua, is a very particular environment that requires to keep
tolerance toward the fetus while maintaining the functionality
of the adaptive and the innate immune system. Thus, we
studied the surface expression of adhesion molecule CD66b
(Figure 3A, left panel) and integrin CD11b (Figure 3B, right
panel) on neutrophils co-cultured with BeWo cells, a very
simplified method to mimick the trophoblast-maternal immune
cell contacts in the decidua. In both cases, the presence of
PP13 increased the expression of both molecules. Similarly, PP13
stimulation of neutrophils in absence of BeWo cells increased
the expression of both molecules (Supplemental Figures 1A,B).
We investigated if the increased presence of CD66b and CD11b
did increase the ability of neutrophils to migrate. In a transwell
assay we could observe that PP13 did not affect the ability of
neutrophils to migrate (Figure 3B).

The molecule that the mostly characterizes regulatory
molecules in cancer is PD-L1. We, therefore studied its
expression on neutrophils exposed to PP13 and co-cultured
on BeWo. PD-L1 was upregulated on neutrophils (Figure 3C)
when exposed to PP13 suggesting the possibility of a regulatory
phenotype. Similarly, PP13 stimulation of neutrophils in
absence of BeWo cells increased the surface expression of
PD-L1 (Supplemental Figure 1C). Since TNF-α is a potent
multifunctional cytokine in autocrine and paracrine processes
and is central to reproduction and placental differentiation (42),
we studied the ability to produce de novo TNF-α in neutrophils
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FIGURE 1 | PP13 binds to neutrophils and increases their survival. (A) PP13 binding to freshly isolated neutrophils at 4◦C and 37◦C for 60min. Flow cytometry plot

analysis (red: control, blue: treated with PP13) is represented as the relative mean of fluorescence (RMF) and percentage of positive cells (n = 3). (B) Apoptosis of

neutrophils represented as AnnexinV+ and 7-AAD+/− cells after 24 h incubation with PP13 (3µg/ml) or control Gal (3µg/ml), in the presence (empty squares, n = 6)

or absence (full circles, n = 8) of pregnancy hormones (progesterone, estradiol, estriol). One way-ANOVA, unpaired samples, *p < 0.05. (C) Taqman assay for the

expression of SERPINB1 mRNA in neutrophils after overnight culture with or without PP13 (3µg/ml) (n = 5). Data are presented as 1Ct values (normalization to

GAPDH). Student’s t-test, **p < 0.01.

exposed to PP13. Indeed, we could measure an increase in
RNA transcription for TNF-α (Figure 3D). We investigated if
neutrophils were also able to produce other growth factors that

are able to influence the growth of the placenta including HGF
(27, 28) and VEGF-α. Indeed, PP13 increased the secretion
of HGF (Figure 3E, right panel) from neutrophils. Neutrophils

Frontiers in Immunology | www.frontiersin.org 5 February 2020 | Volume 11 | Article 145

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Vokalova et al. PP13 and Neutrophils in Pregnancy

FIGURE 2 | PP13 does not influence the functionality of neutrophils. (A) Spontaneous or induced NET formation after 2 h stimulation of neutrophils with or without

PP13 (3µg/ml) and 1 h ± PMA or A23187 (A23) was quantified by immunostaining of neutrophils (n = 4). The quantification analysis was performed by NETQUANT.

(B) NE activity assay performed on supernatants from neutrophils cultured in the presence (n = 4) or absence (n = 5) of PP13 (3µg/ml) or control Gal (n = 5) for 24 h.

(C) Phagocytosis of FITC-dextran measured with flow cytometry in neutrophils cultured in the presence or absence of PP13 (3µg/ml) for 3 days and exposed to

FITC-dextran for 60min (n = 5). (D) Production of ROS by neutrophils cultured with PP13 (3µg/ml) or a control Galectin for 24 h (n = 6). (E) ROS production by

neutrophils stimulated with PP13 (3µg/ml) (triangles) for 30min with (triangles) or without (circles) heat-killed E. coli or S. aureus (n = 5). All analysis was performed

with One-way ANOVA unpaired test, ***p < 0.001.
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FIGURE 3 | PP13 polarizes neutrophils toward a regulatory phenotype. (A) Expression of CD66 or CD11b on the surface of neutrophils co-cultured with BeWo cells

and exposed to PP13 (3µg/ml) (n = 3) or left untreated (n = 3) for 24 h (red: control, blue: treated with PP13). This is a representative flow cytometry experiment.

(B) Migration assay of neutrophils in a transwell plate toward PP13, control Gal, or fMLP. (C) Expression of PD-L1 on the surface of neutrophils co-cultured with BeWo

cells and exposed to PP13 (3µg/ml) or left untreated for 24 h (n = 3) (red: control, blue: treated with PP13). This is a representative flow cytometry experiment. (D) De

novo synthesis of TNFA mRNA in neutrophils cultured with or without PP13 for 6 h (n = 6). Data are presented as 1Ct values (normalization to GAPDH). (E) ELISA

assay for the secretion of HGF or VEGF-α by neutrophils treated with PP13 (3µg/ml) or Control Gal for 6 h (n = 9). (F) ELISA assay for the secretion of MMP-9 or IL-4

by neutrophils treated with PP13 (3µg/ml) for 6 h (n = 5) (**p < 0.01). All analysis was performed with Student’s t-test (number of groups are 2) or One-way ANOVA

unpaired test (number of groups are more than 2), *p < 0.05, **p < 0.01, ***p < 0.001.

already produced VEGF-α and the exposure to PP13 did not
modify its expression (Figure 3E, right panel). Other molecules
described to be expressed in neutrophils in the cancer niche are

MMP-9, IL-4, and IL-10 (although very controversial). In our
case, we could observe that PP13 increased the release of MMP-
9 (Figure 3F, left panel) but not of IL-4 (Figure 3F, right panel),
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which was found to be in the lower detection range of the assay.
IL-10 release was not detected either in PP13-treated neutrophils
or in the untreated population (data not shown).

DISCUSSION

Herein, we describe the phenotype and the functionality
of neutrophils exposed to recombinant human PP13, a
placenta-specific protein in vivo produced and secreted by
the syncytiotrophoblast. In a concentration similar to the one
measured in placenta, PP13 shifted the neutrophils phenotype
toward an immunoregulatory phenotype similar to the one
observed in cancer. Here neutrophils express molecules to
sustain trophoblast growth and angiogenesis, to control T cell
activity while maintaining their capacity to respond to bacteria,
to degranulate, to produce NET, and to phagocytose. We
observed that neutrophils cultured with PP13, in the presence
or absence of pregnancy hormones do not undergo apoptosis as
previously described for T cells (9). We questioned if neutrophils
switch their ability to undergo apoptosis spontaneously. We
observed that the de novo expression of the SERPINB1 an
essential regulator of proteases cathepsin G and proteinase-3 that
mediate granule release and death pathways in neutrophils was
increased (41).

Since neutrophil functionality in the placenta is of primary
importance to control infections and previously it was described
that trophoblast cells when in direct contact with neutrophils
are able to modify the calcium response of neutrophils
and their activation profile via pyruvate (43). Hence, we
studied the most common functions of neutrophils. We
could observe that PP13 did not interfere with spontaneous
NET release, degranulation, phagocytosis and bacterial-ROS-
response. However, PP13 was very effective in inducing the
production of ROS. This ability was described to have different
functions. One of these is controlling T cell proliferation upon
activation and was described in several immunological settings
[as reviewed in (44)]. Thus, we speculated that PP13 could
polarize neutrophils toward a “placental-growth-permissive”
phenotype, which should resemble the one described in the
cancer setting. Therefore, we studied the phenotype and growth
factor expression upon stimulation with PP13. Indeed, we could
confirm the expression of CD66b, CD11b, and PD-L1, HGF and
VEGF, MMP-9 and TNF-α. We observed the expression of PD-
L1 on neutrophils; a ligand already described to interfere with T
cell activity (21). TNF-α was already recognized early on as being
a potent multifunctional cytokine in an autocrine and paracrine
process central to reproduction and essential for trophoblast
differentiation (42).

Additionally, TNF-α, although not alone, was capable of
upregulatingMET (receptor for HGF) expression and promoting
the antitumor activity of neutrophils in a variety of cancer types
(45). Neutrophils were already shown to produce HGF while
infiltrating in bronchioloalveolar adenocarcinoma (46) and we
measured an increased secretion of HGF if neutrophils were
exposed to PP13. Since its receptor mediates the biological effects
of HGF (c-Met) a transmembrane protein encoded by the MET

proto-oncogene (47) and the receptor for HGF is localized
in placental cytotrophoblasts and the syncytiotrophoblast (28),
we proposed that the expression of this growth factor is
important for the growth regulation of the trophoblast. Indeed,
the knockout of HGF in mice is embryonically lethal due to
impaired organogenesis of the placenta and liver (46) with
markedly reduced number of labyrinthine trophoblasts in the
placenta. It is noteworthy that HGF-Met participates in a long-
distance migration of cells in development, which indicates a
particular role for HGF in cell movement (48). Interestingly,
the role of MMP-9 in the placenta is recognized to loosen the
tight junctions and regulate the invasion of endothelial cells
to promote spiral artery remodeling (49). At the same time,
MMPs are also capable of remodeling the extracellular matrix to
promote angiogenesis (25).

We recognize the following limitations of the study: (1)
we reduced the complexity of a placental system to a 1 or 2
component system plus treatment. This oversimplification of the
placental-system is useful to understand the direct effect of PP13
on neutrophils but does not take into account the role of other
immune players or mesenchymal/endothelial cells in further
shaping the phenotype of neutrophils. Therefore, we aim to study
this matter in the placenta. However, it is extremely challenging
to obtain placental tissue from early healthy pregnancies; (2)
human neutrophils from non-pregnant donors were used to
study the effect of PP13 since blood circulating neutrophils
isolated from pregnant women are already exposed to PP13
and different hormone concentrations and could already be
modified in their biological response. Thus, we decided to use
non-exposed neutrophils; (3) pregnancy hormones were taken
into consideration only for the apoptosis experiment. Since PP13
did not influence the functionality of neutrophils, we did not
pursue the effect of this variable; (4) another critical point to
discuss is the concentration of PP13 used for the study; this
matched the calculation of the concentrationmeasured in human
placenta at the end of the second through to the third trimester
(50). Unfortunately, no data are available on placental PP13
concentrations at early stages of gestation; (5) The BeWo cell
line is derived from first trimester choriocarcinoma cells instead
of primary trophoblast for the co-culture experiments, since
primary trophoblast cells are challenging to obtain. We are aware
that this does not completely represent trophoblast cells.

Taken together, in this study, we describe the polarizing effect
of a placenta- specific galectin on neutrophils. Since placenta
and tumors share common features, i.e., invasiveness, high
degrees of cell turnover, requirement for angiogenesis, immune
regulation to suppress the adaptive immune response to allo-
/tumor-antigens, we propose that PP13 could shift neutrophils
toward a placental-growth-permissive phenotype, recalling the
one observed in cancer while maintaining all their primary
functions and abilities to respond to bacterial invasion.
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