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Abstract

Embryo implantation requires synchronized dialogue between the receptive endometrium
and activated blastocyst via locally produced soluble mediators. During the mid-secretory
(MS) phase of the menstrual cycle, increased glandular secretion into the uterine lumen
provides important mediators that modulate the endometrium and support the conceptus
during implantation. Previously we demonstrated the importance of vascular endothelial
growth factor (VEGF) in the human uterus, particularly with respect to embryo implantation.
In the current study, proteomic analysis of human uterine lavage fluid identified the pres-
ence of placental growth factor (PIGF) a homolog of VEGF, that binds the VEGF receptor 1
(VEGFR1). Analysis of immunostaining for PIGF in human endometrial tissue across the
menstrual cycle (from both fertile and infertile women) revealed PIGF was predominantly
localised to glandular and luminal epithelial cells, with staining in the decidualising stromal
cells surrounding the maternal spiral arteries in the secretory phase of the menstrual cycle.
Immunoreactive PIGF was also detected in subpopulations of endometrial leukocytes.
Functional studies demonstrated that culturing mouse embryos with recombinant human
(rh)PIGF enhanced blastocyst cell number and outgrowth. Furthermore, treatment of
human endometrial epithelial cells (EEC) with rhPIGF enhanced EEC adhesion. Taken
together, these data demonstrate that PIGF is abundant in the human endometrium, and
secreted into the uterine lumen where it mediates functional changes in cellular adhesion
with important roles in implantation.
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Introduction

The human endometrium is receptive to blastocyst implantation for only ~4 days in the mid-
secretory (MS) phase of each menstrual cycle [1]. Deficiencies in blastocyst competency and/or
endometrial receptivity can impact infertility through implantation failure and early pregnancy
loss, and can influence the outcome of in vitro fertilization (IVF).

In the secretory phase of the human menstrual cycle endometrial glandular and luminal epi-
thelial cells transform from relatively inactive to highly secretory polarized cells that transport
or synthesize, and secrete substances which accumulate in the uterine lumen. Aside from being
a hallmark characteristic of the secretory phase, these secretions are considered to be important
mediators of blastocyst development and endometrial function as well as providing important
nutritional factors for the developing fetus during the early stages of implantation and placen-
tation[2-5]. A number of studies have examined the composition of endometrial secretions in
certain animal species and throughout the menstrual cycle in humans [6-9]. The importance
of histotroph from uterine glands is emphasized in a sheep model in which pregnancy cannot
be established when the formation of uterine glands, and thus their accompanying secretions,
are inhibited[10]. A variety of growth factors and cytokines secreted by uterine glands from
women have been identified[2, 5, 11, 12]. Until recently there was little evidence to confirm
that components of these secretions were bioactive within the uterine lumen. Disrupted secre-
tion of individual soluble factors including cytokines, growth factors and proteases from the
endometrium into the uterine lumen has been correlated with infertility [9, 12, 13]. Therefore
studies examining uterine secretions, their bioactivity and function are fundamental to further
understanding the importance of maternal-embryonic communication.

Our previous work demonstrated women with unexplained infertility were shown to have
reduced levels of vascular endothelial growth factor A (VEGFA) in uterine fluid[11] and a
non-vascular role of endometrial derived VEGFA with functional actions on both the maternal
surface epithelium and on the peri-implantation blastocyst [11, 14]. In addition VEGF121 and
165 isoforms are predominant in the human uterine lumen while supplementing embryo cul-
ture media with VEGE, VEGF121 and VEGF165 had beneficial effects on post-compaction
mouse embryo development, outgrowth, implantation and fetal development[14].

Using proteomic applications, the current study determined that placental growth factor
(PIGF) a VEGF homolog, is present in human uterine fluid. While PIGF has previously been
observed in endometrial tissue[15], it was not previously known to be present in human uterine
fluid. In this study the localisation of PIGF in human endometrium across the menstrual cycle
and potential roles of PIGF on the peri-implantation embryo and the endometrial epithelium
are demonstrated. PIGF had actions on blastocyst cell number and outgrowth as well as endo-
metrial epithelial alterations. Importantly, PIGF has substantial effects on both endometrial
epithelial adhesive capacity and on blastocyst outgrowth.

Materials and Methods
Ethical approval

Ethical approval was obtained from Monash Surgical Private Hospital; Human Research Ethics
Committee (Project No. 04056) and Southern Health Human Research Ethics Committee
(Project No. 03066B) for all human sample collections. Written informed consent was obtained
from all subjects prior to sample collection. Ethical approval was obtained from The University
of Melbourne Animal Ethics Committee (Project ID: 0811074.2) prior to experimentation. All
animal experimentation was conducted in accord with accepted standards of humane animal
care, as outlined in the Ethical Guidelines of the National Health and Medical Research
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Council. Mice were sourced from the Zoology Animal Facility (University of Melbourne).
Mice were housed in ventilated caging, 3-4 mice/cage. Sawdust was provided for bedding and
was replaced on a weekly basis. Animals are on a 12 hour light/dark cycle, at a room tempera-
ture (18-22 C; 50% relative humidity). Mice had food available ad libitum as pellets and unre-
stricted drinking water access.

Sample collection and patient details

Human uterine lavage fluid (n = 6/pooled) was collected from the secretory phase (days 19-25)
of the menstrual cycle. Endometrial biopsies (n = 5-7/cycle phase) were obtained from women
with proven fertility (undergoing tubal ligation) and from women with unexplained infertility
during the proliferative phase (days 8-11), early secretory phase (days 14-19), mid-secretory
phase (days 20-23) and late-secretory phase (days 24-27) of the menstrual cycle (undergoing
hysteroscopy, dilatation and curettage).

Menstrual cycle stage was confirmed by histological dating of endometrial tissue, according
to the criteria of Noyes et al. [16] Patients with uterine abnormalities, such as endometrial pol-
yps, fibroids, endometriosis and endometritis, or who had received steroid hormone therapy in
the last 6 months were excluded from the study. Uterine lavage fluid was collected as previously
described [5, 11, 17, 18]. Prior to hysteroscopy 3mls of sterile saline was gently infused into the
uterine cavity through a fine flexible catheter for a few seconds; the saline solution was then
slowly aspirated and centrifuged to remove contaminating cellular debris (including leuko-
cytes, red blood cells and mucous) and stored at -80°C as 0.5ml aliquots.

Identification of PIGF in human uterine fluid by proteomic analysis

Uterine fluid was collected from the mid-secretory phase of the menstrual cycle and pooled

(n = 6). Proteins were extracted from uterine lavage fluid, diluted with 100mM ammonium
bicarbonate (Sigma) and reduced with 5mM DTT (Sigma) at 56°C for 30 mins. Samples were
incubated with 50 mM ammonium bicarbonate and 25 mM of iodoacetamide (Sigma) for 30
mins at room temperature to alkylate thiol groups. Trypsin (protein: trypsin ratio, 50:1, Pro-
mega, Madison, WI) was added and samples digested overnight at 37°C in a humidified cham-
ber. The peptide mixture was fractionated by nanoflow reversed-phase liquid chromatography
using a 1200 series Capillary HPLC (Agilent Technologies, Santa Clara CA) online equipped
with a nanoAcquity C18 150 mm °¢0.15 mm L.D. column (Waters, Milford,MA). Fractionation
was performed at a flow rate of 0.5 pL/min at 45°C in a linear 60-min gradient from 100% sol-
vent A (0.1% formic acid) to 100% solvent B (0.1% Formic acid, 60%acetonitrile). Mass spectra
were acquired using an LTQ mass spectrometer equipped with a nanoelectrospray ion source
(Thermo Fisher Scientific) for automated MS/MS. Data dependent MS analysis was performed
by acquiring one FTMS scan followed by MS2 on the top five most intense ions. Dynamic
exclusion was enabled at repeat count 1, exclusion list size 500, exclusion duration 180s, and
exclusion mass width 1.5 m/z. Collision induced dissociation was performed by setting the ion
isolation width at 2 m/z, normalized collision energy at 35%, activation Q at 0.25 and an activa-
tion time at 30 ms.

Resulting spectra were exported in mascot generic file format (.mgf) and analyzed using
combinations of UniProtKB_SwissProt (release version 13.3), Uniprot_SwissProt (release ver-
sion 13.3), UniProtKB_TrEM BL (release version 40.3) and ipi. HUMAN (release version 3.59)
using Phenyx (Geneva Bioinformatics, Switzerland, http://phenyx.vital-it.ch/docs/pwi/
PWITOC.html). Standard search parameters included a peptide mass tolerance of 1.5 Da, pep-
tide fragment tolerance of 0.8 Da, peptide charge of +2 or +3 and up to 1 missed cleavage
allowed. Reverse databases were searched to calculate false discovery rates.
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Endometrial localization of placental growth factor (PIGF)

To validate the endometrium as the source of PIGF identified within uterine lavage fluid the
cellular localization of PIGF In endometrial tissues was examined. Immunohistochemical local-
ization was performed using a goat polyclonal antibody raised against human PIGF (PIGF (C-
20): sc-1880; Santa Cruz Biotechnologies, USA). Endometrial sections from the proliferative,
early secretory, mid-secretory and late secretory phase from both fertile (n = 6-7/phase) and
infertile (n = 5-7/phase) women were assessed. Tissue sections were dewaxed and rehydrated
prior to mild tryptic digestion at 37°C. Endogenous hydrogen peroxidase activity was blocked
with 3% hydrogen peroxide (H,0,) in dH,O for 10 mins at room temperature (RT). Nonspe-
cific binding was blocked with a non-immune blocking solution (10% normal horse serum
(NHS; H0146, Sigma), 2% normal human serum (‘in-house’) in TBS/0.1% Tween 20 (Bio-
Rad)) in a humidified chamber for 30 mins at RT. Sections were incubated overnight at 4°C
with anti-PIGF antibody at a concentration of 1ug/ml in non-immune block. Negative controls
were included for each tissue section, where the primary antibody was pre-absorbed with
rhPIGF (R&D systems; Minneapolis, MN, USA) at 4°C, for 48 h and applied at 1ug/ml in non-
immune block. Biotinylated horse anti-goat IgG (Vector Laboratories, Burlingame, CA, USA)
was applied Avidin/biotin conjugated with horseradish peroxidase (ABC-HRP) (Vectastain
ABCKkit) was applied to sections, followed by application of the peroxidase substrate 3, 3’ dia-
minobenzidine (DAB) (Dako). Sections were counterstained with Harris Haematoxylin, then
dehydrated and mounted. PIGF localization was examined under an Olympus CH30 micro-
scope at various magnifications and high-resolution images were captured.

Animals and hormonal stimulation

Four-week old Swiss female mice were superovulated with intraperitoneal injections of 5 [U
pregnant mare’s serum gonadotrophin (Folligon; Intevet, UK) followed 48 h later by 5 IU hCG
(Chorulon; Intervet). Females were mated with Swiss males overnight. The presence of a vagi-
nal plug the following morning was used as an indicator of successful mating.

Embryo collection and culture

Female mice were euthanized by cervical dislocation. Reproductive tracts were immediately
dissected. Pronucleate oocytes were collected approximately 21-22 h post hCG in G-MOPS
(Vitrolife) embryo handling medium[19] supplemented with 5 mg/ml human serum albumin
(HSA) (Vitrolife, Sweden), followed by cumulus removal in G-MOPS containing 300 IU/ml
hyaluronidase (bovine testes, type I'V; Sigma Aldrich). Pronucleate oocytes were removed from
the hyaluronidase immediately once the cumulus cells had detached, washed twice in G-MOPS
and then once in G1 medium (Vitrolife) [20] before culture. Pronucleate oocytes were then
combined and randomly assigned to different treatment groups. Embryos were cultured in
20yl drops of G1 medium supplemented with 5 mg/ml HSA under paraftin oil (Ovoil; Vitro-
life) at 37°C in 6% CO,, 5% 02, 89% N,. After 48 h, all embryos were transferred into G2
medium[21] supplemented with 5 mg/ml HSA under the same gas phase conditions for a fur-
ther 30 hours. Embryos were randomly allocated to one of four treatment groups to examine a
dose response of PIGF. (Group 1) Control; G2 media [20] with 5 mg/ml HSA; (Group 2) G2
media containing 5ng/mL of recombinant human (rh)PIGF (R&D systems; Minneapolis, MN,
USA); (Group 3) G2 media containing 50ng/mL rhPIGF and (Group 4) G2 media containing
500ng/mL rhPIGE Embryos were cultured under paraffin oil (Ovoil) at 37°C in 6% CO,, 5%
02, 89% N, to the blastocyst stage.
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Blastocyst staining

Blastocyst cell number was determined following final morphological assessment at ~114 h
post-hCG (day 5) [11, 14, 22]. Blastocysts (n = 30-39/treatment group) were stained in a solu-
tion of 0.1 mg/ml Bisbenzimide (Hoechst, 33342; Sigma Chemical Co.) in 10% ethanol, for 1h
at 37°C, and rinsed in G-MOPS with 5 mg/ml HSA and then mounted in glycerol under cover
slips on glass slides before being observed under fluorescent light (Nikon TS100-F), and cell
numbers counted manually.

Embryo outgrowth

In order to quantitate blastocyst outgrowth flat bottomed 96-well tissue culture dishes (BD Bio-
sciences, USA) were coated with fibronectin (Fn) (10 ug/ml) (BD Biosciences), rinsed twice
with sterile PBS, and incubated with 4mg/ml bovine serum albumin (Sigma Diagnostics,

St. Louis, USA) [11, 14]. Wells were rinsed and subsequently filled with 150yl of appropriate
experimental medium and equilibrated at 37°C under Ovoil for 3 h prior to the addition of
blastocysts. Hatched blastocysts (on day 5 of development) that had been pre-cultured in
appropriate medium were placed into the coated wells (1 embryo per well) and incubated for
114h. Outgrowth was examined and images were taken at a matching magnification (10x) at
sequential times (66, 74, 90, 98 and 114h following transfer to outgrowth plate) during the cul-
ture period with an inverted microscope (Eclipse TS100-F; Nikon, Coherent Scientific Pty.

Ltd., SA, Australia) equipped with heated stage to ensure the culture dish was kept at 37°C. The
extent of outgrowth for each treatment was obtained by measuring the area of outgrowth in
each of the images taken across the experiment using NIS Elements BR 3.00, SP7 Laboratory
Imaging software (Nikon). The total area of outgrowth was measured by tracing the leading
edge of spread; the area was determined as a numerical value (pixel squared). All images were
analysed at matching magnification. The average area of outgrowth of 5 individual blastocysts
was calculated for each treatment group: 1) Control; 2) PIGF 5ng/ml; 3) PIGF 50ng/ml and 4)
PIGF 500ng/ml. Each experiment was repeated three times (n = 15 embryos were assessed for
each of the 4 treatment groups across the 3 experiments). Data are expressed as mean
outgrowth + SEM.

Endometrial epithelial culture

ECC-1 endometrial epithelial cells (gifted by Prof. Bruce Lessey, Centre for Womens Medi-
cine, Division of Reproduction Endocrinology and Infertility, Greenville Hospital system,
Greenville SC), which have been well characterised previously [23-25] and are representative
of the endometrial luminal epithelium. ECC-1 cells were routinely maintained in 1:1 DMEM/
F12 media containing 10% fetal calf serum and 1% antibiotic/antimycotic (penicillin/strepto-
mycin) under standard cell culture conditions (37°C, 5% CO, in air).

Endometrial epithelial adhesion assay

ECC-1 cells were seeded at a density of 1x10° in 25cm? culture flasks in conditions indicated
above. 24 h post seeding, cell monolayers were washed twice with calcium/magnesium free
phosphate buffered saline (PBS) and deprived of serum for at least 18 h. Serum starved mono-
layers were subsequently treated with 50ng/ml recombinant human (rh) PIGF (R&D systems)
or an equivalent volume of 0.1% bovine serum albumin (BSA, vehicle control) for 24 h in
serum free media. Real time cell function was determined as detailed below.

xCelligence real time adhesion and proliferation assays are based on the principle of electri-
cal impedance. Alterations in the local ionic environment at the interface between the gold
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electrode present within the specialized plates and the solution interface caused by cells attach-
ing to the electrodelead to increases in the electrode impedance. As more cells become attached
to the electrode, the electrode impedance increases. RTCA xCelligence E-plates (ACEA Biosci-
ences) were coated with fibronectin (5pg/cm?) for one hour prior to cell seeding. 100pl of
media containing 50ng/ml rhPIGF or BSA was placed into each well and a background reading
performed. rhPIGE/BSA treated cells were trypsinized and seeded onto fibronectin coated
plates at 2x10* cells per well. Plates were placed into the xCelligence cradle and readings taken
every 15 seconds for 4 hours to determine the effect of PIGF treatment on ECC-1 adhesion. All
treatments were seeded in quadruplicate wells on each plate and each individual experiment
performed 6 times.

Statistical Analysis

Data were tested for normal distribution, using three normality tests (1) D'Agostino & Pearson
omnibus normality test; 2) Shapiro-Wilk normality test and 3) Kolmogorov-Smirnov test with
Dallal-Wilkinson-Lillie for P value). After testing for normal distribution, statistical analysis
was performed on raw data. Blastocyst cell counts were normally distributed and statistically
assessed by analysis of variance followed by Dunnett's multiple comparisons test. Embryo out-
growth data were not normally distributed and were tested non-parametrically using the Krus-
kal-Wallis test. Endometrial epithelial adhesion assays Cell adhesion data were not normally
distributed. Differences between treatments at specific time points were analyzed using the
non-parametric Mann-Whitney test. Real time changes in adhesion over 0-4 hours (continu-
ous) were assessed by linear regression to determine the change in slope over time. All statisti-
cal analysis was carried out using PRISM version 6.00 for Mac (GraphPad, SanDiego, CA,
USA). P<0.05 was considered significant.

Results
Placental growth factor is present in human uterine fluid

Placental growth factor was identified in human uterine fluid using proteomic analysis
(LC-MS/MS) of uterine lavage from the mid-secretory phase of women with proven fertility
(see Table 1). To validate the presence of PIGF in uterine secretions we performed subsequent
independent analysis of its cellular source and function.

Placental growth factor localisation in endometrium across the cycle

Positive immunostaining was detected in the human endometrium from all stages of the men-
strual cycle, predominantly localized to the glandular and luminal epithelium, with additional
immunostaining in decidualised stromal cells, where present, and leukocytes. The intensity
and localization of immunostaining varied at different stages of the menstrual cycle. During
the proliferative phase, PIGF immunostaining in the glandular epithelium was relatively faint
and diffuse with occasional glands staining more intensely (Fig 1A). As the cycle progressed to
the early secretory phase, overall immunoreactivity increased and was observed in intensely
staining ‘vesicles’ on the basal side of glandular epithelial cells (Fig 1B). During the mid-secre-
tory phase staining intensity in the glands was increased further (Fig 1C) and the subcellular

Table 1. Identification of PIGF following analysis of exported spectra, obtained from LC-MS/MS of uterine lavage from the mid-secretory phase.

Protein Name Accession Number | Sequence ID | Score | MW (kDa) | Amino acid residues | Calculated isoelectric point
Placenta growth factor [Homo sapiens] | NP_002623 gi20149543 104 45 170 5.92

doi:10.1371/journal.pone.0163096.t001
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Fig 1. Imnmunohistochemical localization of Placental Growth Factor (PIGF) in human endometrium.
Proliferative phase endometrium showing diffuse weak immunostaining for PIGF in glandular epithelium
(GE) and leukocytes (A)(A). More intense staining was seen in the early-secretory (B), mid-secretory (C) and
late-secretory (D) phases. Immunoreactive staining was localized in basal luminal ‘vesicles’ of the GE in the
early-secretory phase (B) these immunoreactive vesicles were apically located in the mid-secretory (D) and
late secretory (F) phase, as indicated by arrowheads. Immunoreactive protein was also detected in blood
vessels and decidualising stroma surrounding the spiral arterioles (C & E; indicated by arrows). (Endometrial
biopsies; n = 5-7 samples/phase of the cycle). No staining was observed in the negative control (isotype
matched IgG). Scale bar on A and E = 100 ym, B and C = 200um, D and F = 50um.

doi:10.1371/journal.pone.0163096.9001

localization of the ‘vesicles’ moved toward the apical surface of the epithelium (Fig 1D). In the
late secretory phase, the glandular immunostaining was increased further (Fig 1E), in the apical
region of the glandular epithelium of actively secreting glands (Fig 1F). Luminal epithelium
was immunoreactive for PIGF during most of the cycle with a marked increase in late secretory
phase endometrium, where the staining pattern was similar to that seen in the glandular epi-
thelium (data not shown). Immunoreactive PIGF was also detected in the decidualised stromal
cells surrounding the maternal spiral arterioles (Fig 1C and 1E). Both fertile and infertile

PLOS ONE | DOI:10.1371/journal.pone.0163096 October 6, 2016 7/15



@° PLOS | ONE

PIGF Improves Embryo Development and Implantation

(unexplained) tissue was assessed, however the overall temporal and spatial immunostaining
pattern observed did not differ between the two groups.

Placental Growth factor enhances blastocyst cell number

The number of cells per blastocyst was increased when PIGF was added to the culture media
(Fig 2A) compared to control, at doses of 5ng/ml (p< 0.01) and 50ng/ml (p< 0.001). However
PIGF at a dose of 500ng/ml had no effect on blastocyst cell number (Fig 2A).

Placental Growth factor enhances blastocyst outgrowth in vitro

Mouse embryos were used to assess the functional effects of PIGF on blastocyst outgrowth in
vitro. An increase in the area of blastocyst outgrowth was observed with rhPIGF treatment at
50ng/ml (p<0.001) and 500ng/ml (p<0.01) across all time points examined versus control
(48-113 hours post hatching) compared to control cultured embryos (Fig 2B). However treat-
ment with 5ng/ml PIGF did not alter outgrowth compared to control (Fig 2B).

Placental Growth factor enhances endometrial epithelial adhesion

Treatment of human endometrial epithelial (ECC-1) cells with rhPIGF (50ng/ml) increased
cell adhesion to fibronectin (in real time) over the 0-4 h analysis timeframe (Fig 3A, P<0.001
linear regression). Investigation of specific timepoints demonstrated a rapid 100% increase in
adhesion to fibronectin after 0.5 h, with a 46% increase in adhesion maintained to 4 hours (Fig
3B) in comparison to control (BSA; *p< 0.01).

Discussion

Extensive crosstalk between fetal and maternal cells is well recognized as an essential require-
ment for the establishment of pregnancy particularly during the earliest phase of embryo
implantation. The current study identifies that placental growth factor (PIGF), a VEGF homo-
log, is present in human uterine fluid. Further, this study demonstrates the cellular source of
PIGF protein production primarily in luminal and glandular epithelium of human endome-
trium, with strong staining on the apical surface of the secretory glands during the window of
implantation. Functional analysis revealed actions for PIGF on mouse embryo development
and outgrowth in vitro; and on endometrial epithelial adhesion to the extracellular matrix
fibronectin (abundant at the maternal-fetal interface), supporting a role for secreted PIGF in
early endometrial interactions with the blastocyst.

PIGF is a member of the VEGF subfamily, playing key roles in both angiogenesis and vascu-
logenesis, as well as important roles during embryogenesis. PIGF is mitogenic for endothelial
cells[26], enhances chemotaxis in leukocytes[26, 27]. PIGF binds exclusively to the VEGFR1
[28] with higher affinity than VEGF[29].

PIGF is highly expressed in placental trophoblast throughout all stages of pregnancy. It has
been proposed to control trophoblast growth, differentiation[30, 31] and invasion of the tro-
phoblast into the maternal decidua [32]. PIGF is present in maternal serum during pregnancy:
the early dramatic loss of PIGF in the maternal circulation has emerged as a potential predictive
marker of preeclampsia[33]. Under normal physiological conditions PIGF expressed at low lev-
els in several other adult organs including the heart, lung, thyroid, skeletal muscle, and adipose
tissue [34-36]. Prior to this study however PIGF has not been previously reported to be present
in human uterine secretions.

Using LC-MS/MS this study identified PIGF in human uterine fluid. Subsequently PIGF
protein was assessed in human endometrium. Immunoreactive protein was abundantly
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Fig 2. Effects of recombinant human (rh)PIGF on mouse embryo development in culture. Mouse embryos cultured in the presence of 5 and
50ng/mL of rhPIGF had significantly more cells on day 5 of culture than controls. Embryos cultured in the presence of PIGF at a dose of 500ng/mL had
no increase in blastocyst cell number. Representative blastocyst images are shown where cell nuclei can be seen (blue) stained with Hoechst. Data are
expressed as mean + SEM. (n = 24-30/treatment group). Data was statistically analyzed by analysis of variance followed by Dunnett’s multiple
comparisons test (A). Blastocyst outgrowth (on fibronectin 10ug/ml) was significantly enhanced at 46, 65, 72, 89, 96 and 113hrs when embryos were
cultured in the presence of rhPIGF (50 and 500 pg/mL) compared to control (B). Blastocysts cultured in PIGF at a dose of 5ng/mL did not exhibit
outgrowth on fibronectin. Representative images are shown where blastocyst outgrowth can be visualised (at 113 h) at different doses of PIGF. 5 = 5ng/
mL; 50 = 50ng/mL and 500 = 500ng/mL of rhPIGF). (n = 15 embryos/treatment). ‘a’ represents the 50pg/mL dose where p<0.001 and ‘b’ represents the
500pg/mL dose where p<0.01 versus control. Data was tested non-parametrically using Kruskal-Wallis. Scale bar = 100pm.

doi:10.1371/journal.pone.0163096.9002
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Fig 3. Endometrial epithelial cell adhesion to the extracellular matrix component fibronectin. Treatment
with 50ng/ml rhPIGF significantly enhanced adhesion of endometrial epithelial cells to fibronectin in real time (A,
p<0.001) across the culture (0—4 hours). Investigation of specific time points demonstrated increased adhesion at
0.5,1,1.5,2,2.5, 3, 3.5 and 4 hours following treatment with recombinant human PIGF (50ng/ml) versus vehicle
control (BSA). Data presented as mean cell index + SEM. Data representative of n = 6 individual experiments (4
technical replicates within each experiment). *P<0.01.

doi:10.1371/journal.pone.0163096.9003
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localized to the luminal and glandular epithelium. The staining pattern observed in the secre-
tory phase demonstrates immunoreactive protein in the early secretory phase was predomi-
nantly localized to the basal side of the epithelial cells, where as in the later secretory phase
PIGF protein was predominantly localized in the apical region of the epithelial cells. Such a
staining pattern suggests PIGF is apically secreted from the endometrial epithelium into the
uterine lumen, further validating its presence in uterine secretions. Immunoreactive PIGF was
also observed in decidual stromal cells, sub-populations of leukocytes and the maternal vascu-
lature. Likewise VEGFRI is expressed by maternal endothelium and sub-populations of leuko-
cytes[37]. In this setting signaling via the VEGFR1 is thought to play key roles in vascular
remodeling associated with early pregnancy. Therefore the co-expression of PIGF and
VEGFR1 in the maternal vasculature, as well as increased local production of PIGF in the sur-
rounding decidualising stroma may have functional implications in spiral artery remodeling.
Furthermore PIGF has chemotactic actions on leukocytes [27] and may therefore be involved
in leukocyte recruitment important for maternal spiral artery remodeling necessary during the
establishment of pregnancy([38]. The intensity of PIGF localization within the glandular epithe-
lium appeared to increase as the cycle progressed with peak levels of protein observed during
the mid-late secretory phase. There was no obvious difference in protein abundance or localiza-
tion revealed by immunostaining in tissues from women with unexplained infertility compared
to fertile. Here we demonstrate that PIGF is produced by the human endometrium and released
into the uterine lumen.

Given that VEGFRI1 is expressed by the surface endometrial epithelium[39] we postulated
PIGF may have autocrine actions on the luminal and glandular epithelium. Endometrial epi-
thelial cells cultured with rhPIGF displayed a significant increase in endometrial epithelial
adhesion on fibronectin, an important ECM component at the forefront of the human mater-
nal-fetal interface [40-42], suggesting an increased capacity for blastocyst adherence and
attachment. Regulation of adhesion molecules during implantation is a very important aspect
of early embryo implantation in both the human and the mouse [40]. Increased adhesive
capacity of the endometrial epithelium is required to facilitate initial attachment and adhesion
of the hatched blastocyst to the maternal luminal epithelium[43]. Contact between peri-
implantation blastocysts and fibronectin enhances the trophectoderm/trophoblast adhesion to
ECM][40, 42, 44]. Thus our findings demonstrating that PIGF enhances human endometrial
epithelial adhesion to fibronectin suggests an increased capacity to bind to the peri-implanta-
tion embryo. Together this work demonstrates actions of endometrial derived PIGF at the
maternal-embryonic interface and specifically of secreted PIGF on embryo development and
endometrial receptivity.

Here we demonstrate that PIGF is produced by the human endometrium and released into
the uterine lumen, similarly to VEGF[11]. Aside from having its own important actions, PIGF
is thought to enhance the response to VEGF by forming VEGF/PIGF heterodimers, which have
been found to be more active than PIGF homodimers and nearly as potent as VEGF homodi-
mers in assays of mitogenesis [45, 46].

It is important to note that despite high levels of expression of PIGF in the placenta and
roles in placentation, mice lacking PIGF (plgf-/- knock out) were reported to be fertile and have
normal embryonic development [45]. This is perhaps not surprising given the redundancy of
many factors at implantation, which provides a fail-safe mechanism for such an important pro-
cess. In this case VEGF is likely to be able to bind to the VEGFRI in the absence of PIGF and
therefore signaling through VEGFR1 would remain. Their binding to VEGFR1 and potency as
homo and heterodimers requires further consideration in terms of their combined functional
roles during implantation.
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In summary, the current study demonstrates the PIGF is detectable in the human endome-
trial glands and in human uterine secretions. The localization and the temporal changes in
PIGF localization support a role for PIGF in influencing embryo implantation. Functional anal-
yses suggest PIGF may have roles during the initiation of embryo implantation on both the
endometrium and the developing embryo. These findings support the paradigm of paracrine
and autocrine dialogue between the blastocyst and endometrial epithelium at the materno-fetal
interface during embryo implantation.
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