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Abstract

:

(1) Background: Human milk oligosaccharides (HMOs) are present in maternal serum during pregnancy and their composition is altered in gestational diabetes (GDM). HMOs are also in fetal cord blood and in contact with the feto-placental endothelium, potentially affecting its functions, such as angiogenesis. We hypothesized that cord blood HMOs are changed in GDM and contribute to increased feto-placental angiogenesis, hallmark of GDM. (2) Methods: Using HPLC, we quantified HMOs in cord blood of women with normal glucose tolerance (NGT, n = 25) or GDM (n = 26). We investigated in vitro angiogenesis using primary feto-placental endothelial cells (fpECs) from term placentas after healthy pregnancy (n = 10), in presence or absence of HMOs (100 µg/mL) isolated from human milk, 3′-sialyllactose (3′SL, 30 µg/mL) and lactose (glycan control) and determined network formation (Matrigel assay), proliferation (MTT assays), actin organization (F-actin staining), tube formation (fibrin tube formation assay) and sprouting (spheroid sprouting assay). (3) Results: 3′SL was higher in GDM cord blood. HMOs increased network formation, HMOs and 3’SL increased proliferation and F-actin staining. In fibrin assays, HMOs and 3’SL increased total tube length by 24% and 25% (p < 0.05), in spheroid assays, by 32% (p < 0.05) and 21% (p = 0.056), respectively. Lactose had no effect. (4) Conclusions: Our study suggests a novel role of HMOs in feto-placental angiogenesis and indicates a contribution of HMO composition to altered feto-placental vascularization in GDM.
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1. Introduction


Human milk oligosaccharides (HMOs) are a complex blend of more than 150 structurally different highly bioactive glycans in human milk. HMOs consist of a lactose core and are further modified by fucosylation and/or sialylation. Biological functions of HMOs are tightly connected to their structural features [1]. In human milk, HMO composition and concentration vary between mothers, and within an individual over time. Part of the variation is explained by polymorphisms in the Secretor and Lewis genes, leading to varying activity in the encoded fucosyltransferases, FUT2 and FUT3, respectively, and the resulting distinct fucosylation patterns [2,3,4]. In addition to these genetic factors, emerging evidence suggests a contribution of environmental factors such as maternal nutritional and metabolic status to also influence concentration and composition of HMOs [5,6,7,8].



As highly bioactive molecules, HMOs are thought to provide various potential benefits to the breast-fed neonate. After ingestion by the infant, HMOs confer their effects not only locally as prebiotics and anti-adhesives, e.g., in the gut, but also systemically, after uptake into the blood, circulating the vasculature. Due to this known presence in the systemic circulation, HMOs have long been discussed as potential signaling molecules, interfering with lectin-glycan interactions, thereby inducing cell responses in different target cells such as leukocytes and endothelial cells [9,10,11]. Putative receptors for HMOs include a multitude of diverse carbohydrate binding lectin receptors, such as C-type lectins [12,13], galectins [14], siglecs [15], and selectins [11,16,17,18] as well as other surface molecules such as toll-like receptor 4 (TLR4) [10,19] or epidermal growth factor receptor (EGFR) [20].



Recent studies demonstrated that HMOs are present in the maternal circulation already during pregnancy [21,22]. This suggests that HMOs may not only target the breast-fed infant, but also have systemic effects in the pregnant woman and the unborn child. HMOs are detectable in urine and blood already in the first trimester of pregnancy [21,22,23,24,25]. Throughout pregnancy, maternal HMO concentration increases and HMO composition changes from a predominantly sialylated to a more fucosylated profile [21]. Metabolic parameters such as BMI, body fat mass or blood glucose are associated with concentrations of individual HMOs in maternal serum [21,22], with so far unknown effects on the pregnancy. In a cohort of overweight and obese women, we found higher serum 3′SL levels early in pregnancy in women who later developed gestational diabetes mellitus (GDM) [22]. GDM is a common pregnancy complication characterized mainly by glucose intolerance, hyperglycemia and hyperinsulinemia reflecting decreased maternal insulin sensitivity [26,27]. GDM alters fetal and feto-placental development resulting in an increased risk for placental abnormalities associated with perinatal morbidity, mortality [28,29,30,31] and long-term consequences for mother and offspring [29,31,32]. In a recent study, we demonstrated that HMO profiles in cord blood of newborn infants resembled those in maternal blood at delivery. This suggested maternal-to-fetal transfer, which we could confirm using an ex vivo perfusion model, in which individual HMOs crossed the placenta and accumulated in the fetal circuit [33]. It is unknown whether HMOs circulating the feto-placental vasculature are altered in GDM, and whether they directly impact the feto-placental unit, affecting endothelial functions in the placenta with implications for placental development and fetal vascular programming.



The placenta is the first fetal organ to develop and pivotal for fetal growth and development, as well as maintenance of pregnancy. Its vascular bed is the largest of the fetus, highly sensitive to growth factors, glucose, oxygen, nutrients, and vasoactive molecules in the fetal blood. Throughout gestation, feto-placental vasculature undergoes continuous expansion and remodeling, thus, relying on extensive angiogenesis. Angiogenesis involves consecutive distinct biological processes including cytoskeletal reorganization, migration, proliferation, sprouting and tube formation. These processes, and thus, placental development can be adapted by a deranged uterine environment as seen in maternal metabolic disorders such as pre-existing diabetes or GDM. In these pregnancies, placentas are structurally altered including changes in the vasculature [34,35,36,37]. These encompass increased capillary diameter and hypervascularization due to more vascular branching [38,39,40], collectively facilitating oxygen supply to the fetus in a situation of increased oxygen demand [41].



In a previous study, we found that altered glucose metabolism during pregnancy is associated with changes in a particular HMO, i.e., 3′SL, in maternal serum [22]. In this study, we hypothesized that GDM is associated with changes in cord blood HMO concentration or composition. Their presence in the fetal circulation allows their interaction with endothelial cells lining the feto-placental vasculature with effects on feto-placental endothelial function. Therefore, we further hypothesized that potential GDM associated changes in the concentration of distinct HMOs influence angiogenesis. To study this, we used primary feto-placental endothelial cells (fpEC) as in vitro model.




2. Materials and Methods


2.1. Human Subjects


Pregnant women with normal glucose tolerance (NGT) or with GDM diagnosed by universal screening with a 75 g oral glucose tolerance test (OGTT) using IADPSG/WHO 2016 criteria were recruited at the Department of Obstetrics of the Medical University of Graz. Exclusion criteria were multiple pregnancy, more than three consecutive miscarriages, fetal anomalies, pre-gestational diabetes, pre-pregnancy hypertension, or preeclampsia/HELLP. The study complied with the Declaration of Helsinki guidelines as revised in the year 2000 and was approved by the ethical review board of the Medical University of Graz (EK# 28-604 ex 15/16). All subjects provided written informed consent. Maternal age, anthropometrics, birth mode, infant sex, infant weight and length, and gestational age at birth were recorded. Based on our previous results in cord blood, we calculated the samples size needed to detect an effect size of 0.3 in 3′SL, given the standard deviation stays in this range, to be 25 per group to reach a statistical power of 80%.



Venous blood samples from healthy pregnant women were drawn after admission at the hospital for delivery and before giving birth. Mixed blood samples from the umbilical cord were collected immediately after delivery of the placenta. After centrifugation at 3500× g, serum samples were stored at −80 °C until analysis.



Feto-placental endothelial cells fpECs were isolated from placentas delivered after NGT pregnancies (EK# 25-008 ex 12/13; EK#29-319 ex 16/17).




2.2. Human Milk Oligosaccharide Standards


The 2′-fucosyllactose (2′FL), 3-fucosyllactose (3FL), lacto-N-tetraose (LNT), lacto-N-neo-tetraose (LNnT), lacto-N-fucopentaose (LNFP) 1, 2, and 3, lacto-N-difucohexaose 1 (LNDFH1), lacto-N-hexaose (LNH), and linear B6 trisaccharide (internal standard) were purchased from Dextra Laboratories, Reading, UK. Lactodifucotetraose (LDFT), 3′-sialyllactose (3′SL), 6′-sialyllactose (6′SL), 3′-sialyllactosamine (3′SLN), 6′-sialyllactosamine (6′SLN) and sialyl-lacto-N-tetraose (LST) a, b and c, and disialyl-lacto-N-tetraose (DSLNT) (Glycoset II) were purchased from Prozyme, Hayward, CA, USA.




2.3. HMO Isolation and Analysis by HPLC


Oligosaccharides were isolated from serum samples, as previously reported [22,25]. In brief, 50 µL serum was added to linear B6 trisaccharide solution as internal standard and subjected to chloroform methanol extraction followed by SPE using C18 columns and graphitized carbon columns. Isolated HMOs were fluorescently labelled with 2-aminobenzamide (2AB), as previously described [42]. The 2AB-glycans were separated by HPLC (Agilent 1100 instrument) with fluorescence detection on an TSKgel amide-80 column (inner diameter 3.0 mm, length 15 cm, particle size 3 µm; Tosoh Bioscience; Tokyo, Japan), with a linear gradient of a 50 mM-ammonium formate/acetonitrile buffer system. Separation was performed at 35 °C and monitored by a fluorescence detector at 360 nm excitation and 425 nm emission. Standard retention times were used to annotate HPLC peaks.




2.4. Pooled HMO Preparations and Control Compounds Used in Functional Assays


HMOs were isolated from pooled human milk as described elsewhere [42] and used in concentration of 100 µg/mL unless otherwise stated. The same preparation was used for all experiments. The 3′SL (Prozyme) was used in 30 µg/mL. HMOs from cord blood for the use in Matrigel assay were isolated from 5 cord blood sera (NGT pregnancies) according to a protocol previously published with slight modification [43]. The 1 mL serum was diluted 1:1 with water and centrifuged at 6800× g for 15 min to remove lipids. A total of 500 µL of delipidated fractions were added to 1 mL chloroform-methanol (2:1) in a microtube and centrifuged at 1300× g for 15 min. Chloroform-methanol extraction was repeated, 300 µL water was added to the aqueous phase which was again centrifuged to pellet proteins. Supernatants were further deproteinated with C18 columns (500 mg/2.8 mL; Thermo Fisher, Waltham, MA, USA) and desalted using carbograph columns (25 mg/1 mL; Thermo Fisher). Isolated and dried cord blood HMOs were pooled and brought up to the original blood volume (10 mL) with medium to mimic physiologic concentrations. The same preparation was used for all experiments. Unless otherwise stated, HMOs used in the in vitro experiments are derived from pooled human milk for reasons of feasibility (limited volume of serum samples) and consistency (same HMO composition for all experiments).



As positive control, a mixture of the proangiogenic factors tumor necrosis factor (TNF)-α (10 ng/mL; Reliatech, Wolfenbüttel, Germany), vascular endothelial growth factor (VEGF, 650 pM; Sigma Aldrich, St. Louis, MO, USA) and fibroblast growth factor (FGF)-2 (10 ng/mL; Sigma Aldrich), abbreviated TVF, was used in functional assays. As a non-HMO glycan control, D-lactose monohydrate (Sigma Aldrich) in equimolar concentration (17 µg/mL) to 3′SL (30 µg/mL) was used.




2.5. Endotoxin Removal


HMOs isolated from human milk as well as commercially produced HMOs are known to contain endotoxin. To exclude effects of endotoxin in in vitro experiments, we removed endotoxin using polymixin B [44] by High Capacity Endotoxin Removal Resin (Thermo Scientific, Rockford, IL, USA) according to manufacturer’s instructions.




2.6. Feto-Placental Endothelial Cells


Primary arterial feto-placental endothelial cells (fpECs) were isolated from 10 individual placentas following a standard protocol [45]. Briefly, chorionic arteries were dissected, and endothelial cells isolated by perfusion with a collagenase/dispase (Roche, Mannheim, Germany) solution. Cells were resuspended in endothelial basal medium (EBM, Lonza, Walkersville, MD, USA) supplemented with the EGM-MV BulletKit (Lonza, Walkersville, MD, USA) on 1% (v/v) gelatin-coated flasks. Isolated fpECs were cultured at 37 °C and 12% oxygen, and used up to passage 10. Cells were characterized by immunocytochemical analysis with positive staining for the endothelial cell markers VWF (von Willebrand factor) and CD31, and negative for the SMA (smooth muscle actin) and the fibroblast marker CD90.




2.7. Proliferation


To investigate HMO effects on the proliferation rate of fpECs, we analyzed the metabolic activity and cell viability by colorimetric MTT assay (In Vitro Toxicology Assay Kit, MTT Based; Sigma Aldrich, St. Louis, MO, USA), according to manufacturer’s instructions. The 2.5 × 104 and 5 × 104 cells were seeded per well of a 96-well-plate. Triplicates were either untreated or treated with TVF (as positive control), HMOs, 3′SL, or lactose (as non-HMOs glycan control). The cells were incubated at 37 °C and 12% oxygen for 24, 48 or 96 h. Optical density (OD) at 570 nm was measured using a microplate reader.




2.8. Immunocytochemistry Staining for Phalloidin


FpECs (5 × 104 cells/well) were seeded onto 1% gelatine coated chamber slides, cultured for 24 h and treated with either 5% FCS supplemented M199 medium alone, or medium containing TVF, pooled HMOs, 3′SL, or lactose for 24 or 48 h. Monolayers were washed with HBSS 1× (Gibco), air dried and fixed with 3.7% formaldehyde solution in PBS for 10 min at room temperature. After washing with PBS, cells were permeabilized with Triton X-100 in PBS, and again washed with PBS. After blocking with 2% BSA in PBS for 30 min, slides were incubated with Mouse Vinculin primary antibody (Neo Markers, Lab Vision; diluted 1:50) for 90 min at room temperature. Stained cells were washed thrice and simultaneously incubated with DL650 goat anti mouse (diluted 1:100, Thermo Scientific) as secondary antibody for vinculin staining and Phalloidin-488 FITC (1:20, Alexa, Thermo Scientific) for F-actin staining. After washing with PBS, Pro Long Gold Antifade DAPI (4′,6-Diamidin-2-phenylindol) mounting medium (Life Technologies, Carlsbad, CA, USA) was used to stain nuclei. After overnight drying, fluorescent staining was observed using a Zeiss LSM 510 META scanning laser confocal microscope. Integrated lasers are UV 405 nm (for violet excitation of dyes such as DAPI), tuneable Argon 458/477/488/514 nm (458, 477, and 488 for blue excitation of dyes such as FITC) and Helium-Neon 633 nm (for red excitation dyes, such as vinculin secondary antibody DL650 goat anti mouse). Zeiss LSM 510 software was used to observe F-actin organization.




2.9. The 2D In Vitro Network Formation Assay


The highly reproducible 2D Matrigel assay determines cell migration and network formation [46]. Using this assay, we investigated whether HMOs affect network formation in fpECs, and identified the concentrations with the most pronounced effects. FpECs were seeded with supplemented EBM in 12% O2, at 37 °C, and grown for 24 h. Cells were incubated for 4 to 24 h with HMOs (isolated from pooled human milk or pooled cord blood from NGT pregnancies as described above) in non-supplemented EBM containing 5% FCS. FpECs were harvested with Accutase (PAA, Innovative Cell Technologies, San Diego, CA, USA), resuspended in non-supplemented EBM containing 5% FCS. 104 viable cells/well were seeded in triplicates on 96-well plates pre-coated with 50 µL of growth factor-reduced Matrigel (Corning, Bedford, MA, USA). Images of the 2D network formation were taken hourly by Cell IQ (CM Technologies Oy, Tampere, Finland). Total length of networks formed after 12 h was quantified using the AngioJ-Matrigel assay plugin for the ImageJ software (NIH).




2.10. The 3D Spheroid Sprouting Assay


Spheroids for the 3D spheroid sprouting assay were generated according to the hanging drop cell culture protocol [47]. FpECs were detached and mixed with methylcellulose solution (1 × 103 cells per 25 μL). Drops (25 µL each) of the cell suspension were allocated on the lid of a non-adherent plastic dish, which was inverted and incubated for 24 h at 21% O2 and 37 °C. After visual evaluation of spheroid formation under the microscope, spheroids were harvested with HBSS, and the pooled suspension was centrifuged 5 min at 300× g to pellet the spheroids. On ice, the spheroids were overlaid with 322 μL methylcellulose stock solution containing 40% FCS. Subsequently, 248 μL NaHCO3 was added, and the solution was gently mixed with 1100 μL Type 1 Collagen to reach a final concentration of 2 mg/mL. After addition of 17 μL NaOH, the collagen-spheroid solution was mixed and transferred to 3 wells of a 24-well plate (500 μL/well). The plate was incubated at 37 °C, 21% O2 for two hours to allow collagen to polymerize. Then, complete M199 medium (Lonza, Basel, Switzerland) supplemented with 10% human serum (Atlanta Biologicals) and 10% new born calf serum (NBCS, Thermo Fisher Scientific) containing pooled HMOs, 3′SL or control compounds (TVF, lactose) was added and incubated for a maximum of 16 h. To terminate the experiments, the media were aspirated, and spheroids were fixed for two hours with 500 μL warm 4% formaldehyde. After aspirating the formaldehyde, wells were filled with 800 μL PBS, sealed with Parafilm and stored at 4 °C until imaging with a Cell-IQ V2 MFL system (Chip-Man Technologies Ltd., Tampere, Finland) [46].




2.11. Fibrin Angiogenesis Assay


To investigate HMO effects on in vitro tube formation, 3D fibrin tube formation assays were performed [48,49]. Fibrinogen (4 mg/mL) CoaChrom Diagnostica, Maria Enzersdorf, Austria) was dissolved in preheated M199 medium avoiding premature matrix coagulation. After 60 min at 37 °C, the solution was filtered through a 0.45 μm filter and kept on ice. Thrombin IIa (0.03 U/mL, CoaChrom Diagnostica) was added, and the solution was filled into a 96-well plate. After one hour at room temperature plates were put at 37 °C for one hour to allow fibrin polymerization. A total 100 μL of CM199 medium with 5% FCS was added to each well, and plates were incubated for two hours at 37 °C to inactivate thrombin IIa. Then, fpECs (3.5 × 104 cells per well) were seeded onto the fibrin matrix. After overnight adhesion of cells, plates were tapped to loosen dead cells, medium was removed, and 100 μL medium containing pooled HMOs, 3′SL or control compounds was added to the wells. Medium was replaced by fresh treatment medium every two to three days until tube formation was visually observed. For assay termination, cells were washed and fixed in warm 4% formaldehyde for two hours. Then, formaldehyde was removed and 200 μL PBS was added to each well, sealed with Parafilm and stored at 4 °C until imaging with Cell-IQ V2 MFL system.




2.12. Statistical Analysis


Data are presented as means and standard deviation (SD) for normally distributed data and as medians and interquartile ranges (IQR) for skewed data such as HMO concentrations. Differences in maternal characteristics and HMO concentrations between GDM and NGT pregnancies were tested using the Mann–Whitney-U-test. Linear regression analysis was performed to assess associations between maternal and infant characteristics and cord blood HMO concentrations. Effect of treatment in functional assays with either HMOs, 3′SL, or lactose compared to no-treatment control were analyzed by repeated measurements one-way ANOVA with multiple comparison testing. Statistical analyses were performed using SPSS (version 25) (IBM SPSS, Chicago, IL, USA), graphs were plotted in GraphPad Prism (version 9.00; GraphPad Software. La Jolla, CA, USA). Statistical significance was assumed when p < 0.05.





3. Results


3.1. HMOs in Cord Blood Are Altered in GDM


3.1.1. Cohort Characteristics


Table 1 shows subject characteristics from normal glucose tolerance (NGT) control (n = 25) and GDM (n = 26) pregnancies. Women with GDM had either received dietary recommendations alone (n = 13) or additional insulin or metformin treatment (n = 13). GDM and NGT samples were matched for pre-pregnancy BMI and delivery mode. BMI at delivery, gestational age at birth, infant sex and infant anthropometrics were not significantly different in the two groups. However, maternal age was significantly higher in women who developed GDM (33.3 ± 5.5 years) compared to women with NGT pregnancies (28.5 ± 4.5 years), and placenta weight was significantly lower in GDM pregnancies.




3.1.2. The 3′SL and 3′SLN Increased in GDM Cord Blood


HMO analysis by HPLC demonstrated the presence of up to 16 HMOs (2′FL, 3FL, LDFT, 3′SL, 6′SL, LNT, LNnT, LNFP1, 2, 3, LSTa, b, c, LNDFH, LNH, DSLNT) and two trisaccharides featuring a lactosamine instead of the lactose backbone (3′SLN and 6′SLN), all consistently found in maternal serum and cord blood [21,22,33]. Total HMO concentration was not different between GDM and NGT controls (data not shown). However, among the four most abundant individual HMOs, 2′FL, 3′SLN, LDFT and 3′SL, concentrations of the sialylated 3′SL and 3′SLN were significantly higher in cord blood samples from GDM pregnancies compared to NGT controls (median 0.77 vs. 0.63 nmol/mL and 0.20 and 0.17 nmol/mL, Mann–Whitney-U-Test, p = 0.02) (Figure 1).




3.1.3. Maternal Factors Are Associated with 3′SL in Cord Blood


Linear regression analysis was used to estimate the association of maternal characteristics (age, height, pre-pregnancy weight, pre-pregnancy BMI, weight at delivery, BMI at delivery, parity) and metabolism (blood glucose at oGTT and GDM status [yes/no]) on cord blood HMOs. In addition, associations of parity and mode of delivery (primary C-section [yes/no]) and infant characteristics (gestational age at birth, birth weight, sex) with HMOs were assessed (Table S1). In univariate analysis, maternal GDM diagnosis was associated with 3′SL and 3′SLN in cord blood (beta 0.17, 95%CI 0.03 to 0,31, p = 0.02; and beta 0.03, 95%CI 0.00 to 0.06, p= 0.05). Maternal height and weight, BMI, age, or parity were not associated with the concentration of 3′SL or 3′SLN in cord blood, nor were infant gestational age at birth, birth weight or sex. We found, however, primary C-section to be associated with lower cord blood 3′SL (beta −0.24, 95%CI −0.38 to −0.10, p = 0.001). After adjustment for primary C-section, GDM (beta 0.13, 95%CI 0.01 to 0.24, p = 0.04) was still significantly associated with cord blood 3′SL (beta 0.5, 95%CI 0.02 to 0.27, p = 0.04), but not with 3′SLN (beta 0.03, 95%CI −0.002 to 0.06, p = 0.07). A sub-analysis of GDM pregnancies showed no association of drug treatment (i.e., insulin or metformin [yes/no] in addition to diet) on 3′SL when corrected for mode of delivery (data not shown).



Depending on the presence of 2′FL in cord blood, we assigned the women’s secretor status which was comparable in the NGT and GDM women. Out of the 25 cord blood samples of the NGT controls, 5 were assigned a negative secretor status (24%), out of the 26 GDM samples, and 6 were secretor negative (23%). We excluded non-secretor samples (n= 11), and analyzed the groups again for differences in HMOs. The results for 2′FL and LDFT in the secretor group were not different between GDM (n = 21) and NGT (n = 19) women. However, the difference in median concentration of 3′SL (0.73 vs. 0.56 nmol/mL; p = 0.007) and 3′SLN (0.21 vs. 0.17 nmol/mL, p = 0.04) was higher significant without non-secretors (multiple Mann–Whitney-U-test). Both GDM diagnosis and primary C-section were associated with cord blood 3′SL (beta 0.10, 95%CI 0.03 to 0.18, p = 0.01 and beta −0.12, 95%CI −0.20 to −0.03, p = 0.01, respectively) in secretor positive women. Both variables were also associated with 3′SLN concentrations in cord blood (beta 0.02, 95%CI 0.00 to 0.04, p = 0.046 for GDM and beta −0.02, 95%CI −0.04 to −0.003, p = 0.03 for primary C-section) in this subgroup.



The observed concentration differences in 3′SL and 3′SLN between GDM and NGT pregnancies prompted studies of whether HMOs can influence endothelial function and angiogenesis in vitro. To this end, we specifically investigated effects of HMOs on cytoskeletal reorganization, migration, proliferation, sprouting and tube formation in primary feto-placental endothelial cells (fpECs).





3.2. HMOs Affect In Vitro Angiogenesis of fpECs


3.2.1. HMOs Stimulate Network Formation of fpECs


Using the Matrigel assay, HMOs isolated from pooled human milk (100 µg/mL) significantly increased network formation in fpECs (Figure 2A,B). In a next step, we tested different HMO concentrations to identify the effective concentration range. To this end, from the previous experiment, we selected two fpEC isolations with a pronounced response to HMOsHM (Figure 2B). Concentrations from 5 µg/mL to 500 µg/mL dose-dependently increased network formation, reflected by an increase in total tube length in the Matrigel assay (Figure 2C). The magnitude of the effect reached a plateau at 100 µg/mL. Hence, this HMO concentration was chosen for all further experiments. We had previously shown that HMO profiles in cord blood serum share major oligosaccharides with HMO isolations from breast milk [33]. Therefore, we next investigated whether cord blood HMOs had comparable effects on fpECs to HMOs isolated from human milk. HMOs were isolated from pooled cord blood of 5 neonates obtained after normal pregnancies and taken up in culture medium mimicking physiological concentrations. Cord blood HMOs increased network formation of fpECs similar to the effect of 100 µg/mL HMOs isolated from human milk (41.3% vs. 36.26%, respectively) (Figure 2D). For feasibility reasons, because HMO concentrations in human milk exceed those in cord blood by several orders of magnitude, we used HMOs isolated from human milk for the following experiments.




3.2.2. HMOs Increase Proliferation of fpECs


As a measure for proliferation, we used a MTT based assay to investigate effects of HMOs and 3′SL alone 24, 48 and 72 h after seeding. Treatment of fpEC with HMOs (100 μg/mL) and 3′SL (30 μg/mL) showed a comparable effect size, which was similar to that of TVF (a combination of TNF-α, VEGF and FGF-2, used as positive control; data not shown), and increased proliferation at each time point. Lactose, which was used as a non-HMO glycan control, had no effect on proliferation (Figure 3).




3.2.3. HMOs Alter Cytoskeleton Organization in fpECs


We next investigated HMOs effects on actin cytoskeleton visualized after 24 or 48 h of treatment by laser scanning confocal microscopy. Under control conditions, i.e., medium containing FCS and growth supplements, there was no difference in cytoskeleton organization observed between the 24 and 48 h time point. Untreated control cells, grown under starving conditions, i.e., in medium containing 5% FCS but without growth supplements, showed membrane ruffling (big white arrows) and weakly pronounced F-actin fibers (Figure 4A). The cells appeared faint with a contracted, shrunken shape, compared to their original round shape. Cells were polygonal and had wispy actin filaments, a characteristic of serum-starved cells. Their actin filament bundles were markedly shorter and not longitudinally aligned with a disorganized appearance. Plasma membranes were only weakly stained with phalloidin, similar to treatment with lactose, used as negative, non-HMO glycan control (Figure 4B). Stimulation with TVF served as a positive control, inducing actin reorganization and migration [50]. fpECs treated with HMOs or 3′SL underwent profound changes in shape and actin/cytoskeleton organization (Figure 4C,D). F-actin stress fibers stretched through the cell body in a parallel and organized way (thin white arrows, Figure 4C,D). No membrane ruffles were noticeable, and the cells presented an intense F-actin fiber staining.




3.2.4. HMOs Stimulate In Vitro Angiogenesis of fpECs


To study the effect of HMOs on 3D in vitro angiogenesis of fpECs, we employed two assays: spheroid sprouting assay was used to analyze the effect of HMOs on sprouting of fpECs within a gelatin matrix, and fibrin tube formation assay was used to study the formation of luminal tubes within a fibrin matrix.



Sprouting was significantly increased in the presence of HMOs (100 μg/mL) or 3′SL (30 μg/mL) as compared to untreated control (Figure 5A,B). Lactose served as non-HMO control and TVF as positive control.



The fibrin assay showed a 24.3% and 25.3% increase in total tube length upon treatment with HMOs and 3′SL, respectively, compared to untreated cells. Lactose had no significant effect on the growth of vascular structures into the fibrin matrix (Figure 5C,D).






4. Discussion


Our findings not only confirmed the presence of HMOs in cord blood, which we previously demonstrated in a different cohort [33], but found two novel, key results: (1) The cord blood concentration of 3′SL as well as its glucosamine analog, 3′SLN, was increased in pregnancies complicated with GDM. This suggests that fetal HMO concentrations can be modulated by maternal metabolism. (2) HMOs isolated from human milk or cord blood, as well as the single HMO 3′SL had profound effects on fpECs in vitro. They increased proliferation, changed cytoskeleton organization and induced tube formation; all processes critically involved in angiogenesis. Provided that these in vitro findings reflect in vivo effects, HMOs present in the fetal circulation can have an impact on feto-placental endothelial angiogenesis.



The 3′SL, one of the most prominent HMOs in cord blood, and the lower abundant 3′SLN were increased in pregnancies complicated with GDM, demonstrating an influence of maternal glucose metabolism on fetal HMO composition. Further, 3′SLN is found in blood and urine, and its concentrations are highly correlated with those of 3′SL [21,22,33], indicating a co-regulation of 3′SL and 3′SLN. In our previous study in a Dutch pregnancy cohort of obese and overweight women [22], 3′SL and 3′SLN concentration in maternal serum were significantly higher in women who later developed GDM. Our present results indicate that GDM associated alterations of maternal HMOs are also found in the neonatal circulation albeit at different time periods of pregnancy. In maternal blood, elevated 3′SL was detectable only at gestational Weeks 14 and 22, but not at Week 35. Why the GDM effect on maternal serum 3′SL resolved in late pregnancy remains unclear. The 3′SL, as well as 3′SLN, is not correlated between maternal and fetal circulation [33], suggesting complex transport mechanisms across the placental barrier, placental or fetal sequestration or all of those. Longitudinal studies measuring HMOs in maternal blood samples throughout pregnancy paired with cord blood samples are needed to fully understand this observed discrepancy. Furthermore, underlying reasons driving changes in 3′SL in GDM still remains to be elucidated.



Interestingly, we also found an effect of delivery mode, i.e., primary C-section, on 3′SL concentration in cord blood (Table S1). Higher 3′SL was measured in cord blood after mothers had experienced labor, delivering their infants by spontaneous vaginal birth, secondary C-section or other assisted methods, as compared to primary C-sections in the absence of labor. Labor is a state of physiological inflammation, and onset of myometrium contractions is directly related to profound changes in hormones and cytokine signaling. In a previous study, we found higher maternal serum 3′SL to be associated with sterile inflammation associated with preterm labor and preterm birth [25]. Inflammatory conditions have been associated with higher sialylation of both cell-surface and secreted glycans [51] and, thus, inflammation itself might be associated with higher serum 3′SL. In the total cohort, the absence of labor, i.e., primary C-section, was associated with lower 3′SL. However, after adjustment for primary C-section, the association of GDM with higher 3′SL remained significant (supplementary Table S1). Future studies need to include cord blood glucose and insulin parameters as well as inflammatory markers to allow analyses of potential associations of fetal metabolism with cord blood HMOs.



Since HMOs in cord blood contact the feto-placental endothelium, we investigated the effect of HMOs and 3′SL on angiogenesis in fpEC. Our results strongly suggest a novel function of HMOs in angiogenesis that might be modulated by maternal metabolic derangements such as GDM. Previous microarray analysis showed that potential HMO receptors such as Galectins, C-lectins, TLR-4 or EGFR are highly expressed in fpEC (accessible through GEO Series accession number GSE44368) [52]. These putative HMO interaction partners have been shown to play a role in angiogenesis [53,54,55]. As HMOs are present in fetal blood circulating through feto-placental vessels and capillaries, isolated primary fpECs represent an ideal model to study effects of HMOs on physiologic angiogenesis in the feto-placental vasculature. Angiogenesis encompasses several distinct processes that include migration, cytoskeleton rearrangement, proliferation, sprouting and tube formation. We have used various assays to study these individual processes. We showed that HMOs dose-dependently increased migration, reflected by network formation of fpECs on Matrigel. HMOs or 3′SL alone strongly promoted proliferation of fpECs, and altered actin organization with induction of stress fibers, a process indicating the activation of cells which precedes angiogenesis [50,56]. HMOs and 3′SL significantly increased in vitro angiogenesis in two independent 3D angiogenesis assays, i.e., spheroid sprouting assay (32%) and fibrin tube formation assay (24%), which assesses the formation of luminal structures within a matrix [57]. Together our findings strongly argue for a novel role of HMOs in modulating feto-placental angiogenesis and thus, placental and fetal development.



Few studies have investigated effects of some individual HMOs on (pathophysiologic) angiogenesis with similar, but also seemingly contradicting findings [58]. Specifically, LNnT showed pro-angiogenic properties in the context of wound healing [59,60], and 2′FL induced directed migration in human microvascular endothelial cells (HMVECs), and promoted in vitro and in vivo angiogenesis [61,62]. These studies corroborate our findings that HMOs can induce pro-angiogenic signaling in endothelial cells. The HMO preparation used in our experiments is structurally complex and comprises fucosylated HMOs, such as 2′FL, unmodified HMOs such as LNnT, and sialylated structures such as 3′SL [42]. All these HMOs are also detectable in cord blood [33] rendering this HMO preparation an adequate approximation of the physiologic composition of HMOs expected in the feto-placental vasculature. Of note, none of the previous studies removed endotoxin, which is a common contaminant due to production process of commercially available HMO structures [63]. We also showed that 3′SL alone, a prominent HMO in cord blood profiles and increased by GDM, exerts pro-angiogenic effects on fpEC. Further, 3′SL is also known to bind to Galectin-3 [14] and Galectin-9 [64], factors proposed to be critically involved in placental angiogenesis [53]. Contrasting our results, another recent study reported anti-angiogenic properties of 3′SL, inhibiting VEGFR-2 activation and, thus, tumor progression [65]. These differences in direction of the effect might be explained firstly, by the use of endothelial cells from different vascular beds (fpEC vs. HMVECs, HUVECs) and secondly, by the distinct experimental designs, i.e., direct treatment with HMOs vs. treatment with HMOs after direct or indirect stimulation with pro-angiogenic factors. The latter aimed to investigate 3′SL as potential candidate to antagonize VEGFR2 mediated pathophysiologic neovascularization in cancer [65,66]. We added HMOs directly onto primary fpECs without prior angiogenic stimulation. In a specific pathological pro-angiogenic environment, individual HMO structures might have differently directed or pronounced effects on angiogenesis depending on endothelial phenotype. In this line of thoughts, HMOs might contribute to modulating physiologic feto-placental angiogenesis; in GDM, HMOs might then adapt feto-placental angiogenesis to adequately respond to fetal needs. It will also be interesting to investigate the effect of HMOs on fpECs isolated from GDM placentas to see whether the response to HMOs is different in diabetic vs. normal fpECs. Moreover, it is tempting to speculate that 3′SL and other HMOs present in the maternal and fetal circulation play a role in pregnancy and fetal/neonatal development, fine tuning and supporting angiogenesis that is physiologically increased in these phases of intensive tissue remodeling [41,67]. In the future, we aim to investigate underlying mechanisms of the HMO mediated effect on in vitro angiogenesis.



Strengths and limitations. One of the strengths of this work is the use of primary fpECs allowing to study HMOs as relevant pregnancy and lactation specific modulators of physiological angiogenesis in pregnancy, and also consider HMO effects in the context of metabolic deranged environment. Another strength of this study is the use of different 2D and 3D angiogenesis assays to account for the different aspects of angiogenesis. However, it should be mentioned that the 3′SL concentration (30 µg/mL) used in the in vitro experiments exceeded concentrations found in cord blood by approximately 60×. While it is clear that typically, in vitro assays only incompletely reflect the in vivo conditions, not accounting for e.g., flow or local concentrations and interaction, we chose this concentration for several reasons: (a) 3′SL represents about 30% of total HMOs in cord blood, and 100 µg/mL pooled HMOs showed a robust effect in the initial Matrigel assay. (b) Other in vitro studies in endothelial cells used similar concentrations for total or individual HMOs [11,59,65]. Future studies should investigate further details on HMO effects on in vitro angiogenesis dependent on concentration, exposure time, and HMO structure.



A limitation may be that, in an attempt to control for BMI, we had a relatively high proportion of obese women in the NGT control group. Maternal prepregnancy BMI did not have an independent effect on cord blood 3′SL when controlled for GDM and/or delivery mode. However, it would also be interesting to also have body fat mass measurements available to more specifically study effect of maternal obesity on fetal HMOs. Studies have shown that non-diabetic obese compared normal weight women show a greater risk for high HbA1c at delivery indicating dysglycemia in late pregnancy [68]. Thus, to ensure that women in the control group maintained glycemic homeostasis also later in pregnancy, we would have required maternal blood samples at delivery to measure HbA1c and other glucose/insulin parameters in all participants. Despite a potential reduction of the GDM effect as observed in the mothers, we could still detect a significant difference in 3′SL in GDM compared to NGT cord blood. Future studies need to obtain information on the metabolic status of the fetus. Another limitation was the relatively small proportion of spontaneous births in our cohort, 62% (NGT) and 72% (GDM) were C-sections, not allowing for separate analyses of spontaneous births and C-sections. However, we were able to account for the influence of labor on 3′SL.




5. Conclusions


In summary, this study confirmed the presence of HMOs in cord blood, and strongly suggests a GDM associated difference in HMOs in the fetal circulation. Our results further indicate that HMOs increase feto-placental angiogenesis in vitro via induction of migration, cytoskeleton rearrangement, proliferation, sprouting and tube formation. GDM mediated changes in cord blood HMOs may contribute to and fine-tune GDM associated hypervascularization of the placenta as means of fetal protection from metabolically-induced hypoxia [41].
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	HMO
	Human milk oligosaccharide



	2′FL
	2′-Fucosyllactose



	LDFT
	lacto-difucotetraose



	3′SL
	3′-sialyllactose



	3′SLN
	3′-sialyllactosamine



	6′SLN
	6′-sialyllactosamine



	LNT
	lacto-N-tetraose



	LNnT
	lacto-N-neo-tetraose



	LNFP
	lacto-N-fucopentaose



	LNDFH1
	lacto-N-difucohexaose 1



	LNH
	lacto-N-hexaose



	LST
	sialyl-lacto-N-tetraose



	DSLNT
	disialyl-lacto-N-tetraose



	fpEC
	feto-placental endothelial cells



	GDM
	gestational diabetes mellitus



	oGTT
	oral glucose tolerance test







References


	



Bode, L.; Jantscher-Krenn, E. Structure-function relationships of human milk oligosaccharides. Adv. Nutr. 2012, 3, 383S–391S. [Google Scholar] [CrossRef]

	



Stahl, B.; Thurl, S.; Henker, J.; Siegel, M.; Finke, B.; Sawatzki, G. Detection of four human milk groups with respect to Lewis-blood-group-dependent oligosaccharides by serologic and chromatographic analysis. Adv. Exp. Med. Biol. 2001, 501, 299–306. [Google Scholar]

	



Mank, M.; Hauner, H.; Heck, A.J.R.; Stahl, B. Targeted LC-ESI-MS(2) characterization of human milk oligosaccharide diversity at 6 to 16 weeks post-partum reveals clear staging effects and distinctive milk groups. Anal. Bioanal. Chem. 2020, 412, 6887–6907. [Google Scholar] [CrossRef]

	



Kunz, C.; Meyer, C.; Collado, M.C.; Geiger, L.; Garcia-Mantrana, I.; Bertua-Rios, B.; Martinez-Costa, C.; Borsch, C.; Rudloff, S. Influence of Gestational Age, Secretor, and Lewis Blood Group Status on the Oligosaccharide Content of Human Milk. J. Pediatr. Gastroenterol. Nutr. 2017, 64, 789–798. [Google Scholar] [CrossRef]

	



McGuire, M.K.; Meehan, C.L.; McGuire, M.A.; Williams, J.E.; Foster, J.; Sellen, D.W.; Kamau-Mbuthia, E.W.; Kamundia, E.W.; Mbugua, S.; Moore, S.E.; et al. What’s normal? Oligosaccharide concentrations and profiles in milk produced by healthy women vary geographically. Am. J. Clin. Nutr. 2017, 105, 1086–1100. [Google Scholar] [CrossRef] [PubMed]

	



Saben, J.L.; Sims, C.R.; Abraham, A.; Bode, L.; Andres, A. Human Milk Oligosaccharide Concentrations and Infant Intakes Are Associated with Maternal Overweight and Obesity and Predict Infant Growth. Nutrients 2021, 13, 446. [Google Scholar] [CrossRef] [PubMed]

	



Samuel, T.M.; Binia, A.; de Castro, C.A.; Thakkar, S.K.; Billeaud, C.; Agosti, M.; Al-Jashi, I.; Costeira, M.J.; Marchini, G.; Martinez-Costa, C.; et al. Impact of maternal characteristics on human milk oligosaccharide composition over the first 4 months of lactation in a cohort of healthy European mothers. Sci. Rep. 2019, 9, 11767. [Google Scholar] [CrossRef] [PubMed]

	



Isganaitis, E.; Venditti, S.; Matthews, T.J.; Lerin, C.; Demerath, E.W.; Fields, D.A. Maternal obesity and the human milk metabolome: Associations with infant body composition and postnatal weight gain. Am. J. Clin. Nutr. 2019, 110, 111–120. [Google Scholar] [CrossRef] [PubMed]

	



Kurakevich, E.; Hennet, T.; Hausmann, M.; Rogler, G.; Borsig, L. Milk oligosaccharide sialyl(alpha2,3)lactose activates intestinal CD11c+ cells through TLR4. Proc. Natl. Acad. Sci. USA 2013, 110, 17444–17449. [Google Scholar] [CrossRef] [PubMed]

	



Eiwegger, T.; Stahl, B.; Schmitt, J.; Boehm, G.; Gerstmayr, M.; Pichler, J.; Dehlink, E.; Loibichler, C.; Urbanek, R.; Szepfalusi, Z. Human milk--derived oligosaccharides and plant-derived oligosaccharides stimulate cytokine production of cord blood T-cells in vitro. Pediatr. Res. 2004, 56, 536–540. [Google Scholar] [CrossRef]

	



Bode, L.; Kunz, C.; Muhly-Reinholz, M.; Mayer, K.; Seeger, W.; Rudloff, S. Inhibition of monocyte, lymphocyte, and neutrophil adhesion to endothelial cells by human milk oligosaccharides. Thromb. Haemost. 2004, 92, 1402–1410. [Google Scholar] [CrossRef]

	



Hong, P.; Ninonuevo, M.R.; Lee, B.; Lebrilla, C.; Bode, L. Human milk oligosaccharides reduce HIV-1-gp120 binding to dendritic cell-specific ICAM3-grabbing non-integrin (DC-SIGN). Br. J. Nutr. 2009, 101, 482–486. [Google Scholar] [CrossRef] [PubMed]

	



Naarding, M.A.; Ludwig, I.S.; Groot, F.; Berkhout, B.; Geijtenbeek, T.B.; Pollakis, G.; Paxton, W.A. Lewis X component in human milk binds DC-SIGN and inhibits HIV-1 transfer to CD4+ T lymphocytes. J. Clin. Investig. 2005, 115, 3256–3264. [Google Scholar] [CrossRef] [PubMed]

	



Noll, A.J.; Gourdine, J.P.; Yu, Y.; Lasanajak, Y.; Smith, D.F.; Cummings, R.D. Galectins are human milk glycan receptors. Glycobiology 2016, 26, 655–669. [Google Scholar] [CrossRef] [PubMed]

	



Macauley, M.S.; Crocker, P.R.; Paulson, J.C. Siglec-mediated regulation of immune cell function in disease. Nat. Rev. Immunol. 2014, 14, 653–666. [Google Scholar] [CrossRef]

	



Bode, L.; Rudloff, S.; Kunz, C.; Strobel, S.; Klein, N. Human milk oligosaccharides reduce platelet-neutrophil complex formation leading to a decrease in neutrophil beta 2 integrin expression. J. Leukoc. Biol. 2004, 76, 820–826. [Google Scholar] [CrossRef]

	



Rudloff, S.; Stefan, C.; Pohlentz, G.; Kunz, C. Detection of ligands for selectins in the oligosaccharide fraction of human milk. Eur. J. Nutr. 2002, 41, 85–92. [Google Scholar] [CrossRef]

	



Schumacher, G.; Bendas, G.; Stahl, B.; Beermann, C. Human milk oligosaccharides affect P-selectin binding capacities: In vitro investigation. Nutrition 2006, 22, 620–627. [Google Scholar] [CrossRef]

	



He, Y.; Liu, S.; Kling, D.E.; Leone, S.; Lawlor, N.T.; Huang, Y.; Feinberg, S.B.; Hill, D.R.; Newburg, D.S. The human milk oligosaccharide 2’-fucosyllactose modulates CD14 expression in human enterocytes, thereby attenuating LPS-induced inflammation. Gut 2016, 65, 33–46. [Google Scholar] [CrossRef]

	



Kuntz, S.; Kunz, C.; Rudloff, S. Oligosaccharides from human milk induce growth arrest via G2/M by influencing growth-related cell cycle genes in intestinal epithelial cells. Br. J. Nutr. 2009, 101, 1306–1315. [Google Scholar] [CrossRef]

	



Jantscher-Krenn, E.; Aigner, J.; Reiter, B.; Kofeler, H.; Csapo, B.; Desoye, G.; Bode, L.; van Poppel, M.N.M. Evidence of human milk oligosaccharides in maternal circulation already during pregnancy: A pilot study. Am. J. Physiol. Endocrinol. Metab. 2019, 316, E347–E357. [Google Scholar] [CrossRef] [PubMed]

	



Jantscher-Krenn, E.; Treichler, C.; Brandl, W.; Schonbacher, L.; Kofeler, H.; van Poppel, M.N.M. The association of human milk oligosaccharides with glucose metabolism in overweight and obese pregnant women. Am. J. Clin. Nutr. 2019, 110, 1335–1343. [Google Scholar] [CrossRef]

	



Zopf, D.; Ginsburg, V.; Hallgren, P.; Jonsson, A.; Lindberg, B.; Lundblad, A. Determination of Leb-active oligosaccharides in urine of pregnant and lactating women by radioimmunoassay. Eur. J. Biochem. 1979, 93, 431–435. [Google Scholar] [CrossRef] [PubMed]

	



Hallgren, P.; Lindberg, B.; Lundblad, A. Quantitation of some urinary oligosaccharides during pregnancy and lactation. J. Biol. Chem. 1977, 252, 1034–1040. [Google Scholar] [CrossRef]

	



Pausan, M.R.; Kolovetsiou-Kreiner, V.; Richter, G.L.; Madl, T.; Giselbrecht, E.; Obermayer-Pietsch, B.; Weiss, E.C.; Jantscher-Krenn, E.; Moissl-Eichinger, C. Human Milk Oligosaccharides Modulate the Risk for Preterm Birth in a Microbiome-Dependent and -Independent Manner. mSystems 2020, 5, e00334-20. [Google Scholar] [CrossRef]

	



Catalano, P.M.; Ehrenberg, H.M. The short- and long-term implications of maternal obesity on the mother and her offspring. BJOG 2006, 113, 1126–1133. [Google Scholar] [CrossRef]

	



McIntyre, H.D.; Catalano, P.; Zhang, C.; Desoye, G.; Mathiesen, E.R.; Damm, P. Gestational diabetes mellitus. Nat. Rev. Dis. Primers 2019, 5, 47. [Google Scholar] [CrossRef]

	



Biri, A.; Onan, A.; Devrim, E.; Babacan, F.; Kavutcu, M.; Durak, I. Oxidant status in maternal and cord plasma and placental tissue in gestational diabetes. Placenta 2006, 27, 327–332. [Google Scholar] [CrossRef]

	



Dabelea, D.; Hanson, R.L.; Lindsay, R.S.; Pettitt, D.J.; Imperatore, G.; Gabir, M.M.; Roumain, J.; Bennett, P.H.; Knowler, W.C. Intrauterine exposure to diabetes conveys risks for type 2 diabetes and obesity: A study of discordant sibships. Diabetes 2000, 49, 2208–2211. [Google Scholar] [CrossRef]

	



Vambergue, A.; Fajardy, I. Consequences of gestational and pregestational diabetes on placental function and birth weight. World J. Diabetes 2011, 2, 196–203. [Google Scholar] [CrossRef]

	



Yessoufou, A.; Moutairou, K. Maternal diabetes in pregnancy: Early and long-term outcomes on the offspring and the concept of “metabolic memory”. Exp. Diabetes Res. 2011, 2011, 218598. [Google Scholar] [CrossRef] [PubMed]

	



Fraser, A.; Lawlor, D.A. Long-term health outcomes in offspring born to women with diabetes in pregnancy. Curr. Diabetes Rep. 2014, 14, 489. [Google Scholar] [CrossRef] [PubMed]

	



Hirschmugl, B.; Brandl, W.; Csapo, B.; van Poppel, M.; Kofeler, H.; Desoye, G.; Wadsack, C.; Jantscher-Krenn, E. Evidence of Human Milk Oligosaccharides in Cord Blood and Maternal-to-Fetal Transport across the Placenta. Nutrients 2019, 11, 2640. [Google Scholar] [CrossRef] [PubMed]

	



Leach, L. Placental vascular dysfunction in diabetic pregnancies: Intimations of fetal cardiovascular disease? Microcirculation 2011, 18, 263–269. [Google Scholar] [CrossRef] [PubMed]

	



Mayhew, T.M.; Sorensen, F.B.; Klebe, J.G.; Jackson, M.R. Growth and maturation of villi in placentae from well-controlled diabetic women. Placenta 1994, 15, 57–65. [Google Scholar] [CrossRef]

	



Lao, T.T.; Lee, C.P.; Wong, W.M. Placental weight to birthweight ratio is increased in mild gestational glucose intolerance. Placenta 1997, 18, 227–230. [Google Scholar] [CrossRef]

	



Jirkovska, M.; Kubinova, L.; Janacek, J.; Moravcova, M.; Krejci, V.; Karen, P. Topological properties and spatial organization of villous capillaries in normal and diabetic placentas. J. Vasc. Res. 2002, 39, 268–278. [Google Scholar] [CrossRef]

	



Lassance, L.; Miedl, H.; Absenger, M.; Diaz-Perez, F.; Lang, U.; Desoye, G.; Hiden, U. Hyperinsulinemia stimulates angiogenesis of human fetoplacental endothelial cells: A possible role of insulin in placental hypervascularization in diabetes mellitus. J. Clin. Endocrinol. Metab. 2013, 98, E1438–E1447. [Google Scholar] [CrossRef]

	



Sobrevia, L.; Abarzua, F.; Nien, J.K.; Salomon, C.; Westermeier, F.; Puebla, C.; Cifuentes, F.; Guzman-Gutierrez, E.; Leiva, A.; Casanello, P. Review: Differential placental macrovascular and microvascular endothelial dysfunction in gestational diabetes. Placenta 2011, 32 (Suppl. 2), S159–S164. [Google Scholar] [CrossRef]

	



Gauster, M.; Desoye, G.; Totsch, M.; Hiden, U. The placenta and gestational diabetes mellitus. Curr. Diabetes Rep. 2012, 12, 16–23. [Google Scholar] [CrossRef]

	



Desoye, G.; Wells, J.C.K. Pregnancies in Diabetes and Obesity: The Capacity-Load Model of Placental Adaptation. Diabetes 2021, 70, 823–830. [Google Scholar] [CrossRef]

	



Jantscher-Krenn, E.; Zherebtsov, M.; Nissan, C.; Goth, K.; Guner, Y.S.; Naidu, N.; Choudhury, B.; Grishin, A.V.; Ford, H.R.; Bode, L. The human milk oligosaccharide disialyllacto-N-tetraose prevents necrotising enterocolitis in neonatal rats. Gut 2012, 61, 1417–1425. [Google Scholar] [CrossRef]

	



Jantscher-Krenn, E.; Marx, C.; Bode, L. Human milk oligosaccharides are differentially metabolised in neonatal rats. Br. J. Nutr. 2013, 110, 640–650. [Google Scholar] [CrossRef]

	



Gnoth, M.J.; Kunz, C.; Rudloff, S. Endotoxin-reduced milk oligosaccharide fractions suitable for cell biological studies. Eur. J. Med. Res. 2000, 5, 468–472. [Google Scholar]

	



Lang, I.; Schweizer, A.; Hiden, U.; Ghaffari-Tabrizi, N.; Hagendorfer, G.; Bilban, M.; Pabst, M.A.; Korgun, E.T.; Dohr, G.; Desoye, G. Human fetal placental endothelial cells have a mature arterial and a juvenile venous phenotype with adipogenic and osteogenic differentiation potential. Differentiation 2008, 76, 1031–1043. [Google Scholar] [CrossRef] [PubMed]

	



Foty, R. A simple hanging drop cell culture protocol for generation of 3D spheroids. J. Vis. Exp. 2011, 51, 2720. [Google Scholar] [CrossRef]

	



di Blasio, L.; Bussolino, F.; Primo, L. Three-dimensional in vitro assay of endothelial cell invasion and capillary tube morphogenesis. Methods Mol. Biol. 2015, 1214, 41–47. [Google Scholar] [CrossRef] [PubMed]

	



Koolwijk, P.; van Erck, M.G.; de Vree, W.J.; Vermeer, M.A.; Weich, H.A.; Hanemaaijer, R.; van Hinsbergh, V.W. Cooperative effect of TNFalpha, bFGF, and VEGF on the formation of tubular structures of human microvascular endothelial cells in a fibrin matrix. Role of urokinase activity. J. Cell Biol. 1996, 132, 1177–1188. [Google Scholar] [CrossRef]

	



Leopold, B.; Strutz, J.; Weiss, E.; Gindlhuber, J.; Birner-Gruenberger, R.; Hackl, H.; Appel, H.M.; Cvitic, S.; Hiden, U. Outgrowth, proliferation, viability, angiogenesis and phenotype of primary human endothelial cells in different purchasable endothelial culture media: Feed wisely. Histochem. Cell Biol. 2019, 152, 377–390. [Google Scholar] [CrossRef] [PubMed]

	



Morales-Ruiz, M.; Fulton, D.; Sowa, G.; Languino, L.R.; Fujio, Y.; Walsh, K.; Sessa, W.C. Vascular endothelial growth factor-stimulated actin reorganization and migration of endothelial cells is regulated via the serine/threonine kinase Akt. Circ. Res. 2000, 86, 892–896. [Google Scholar] [CrossRef]

	



Manhardt, C.T.; Punch, P.R.; Dougher, C.W.L.; Lau, J.T.Y. Extrinsic sialylation is dynamically regulated by systemic triggers in vivo. J. Biol. Chem. 2017, 292, 13514–13520. [Google Scholar] [CrossRef] [PubMed]

	



Cvitic, S.; Longtine, M.S.; Hackl, H.; Wagner, K.; Nelson, M.D.; Desoye, G.; Hiden, U. The human placental sexome differs between trophoblast epithelium and villous vessel endothelium. PLoS ONE 2013, 8, e79233. [Google Scholar] [CrossRef]

	



Blois, S.M.; Conrad, M.L.; Freitag, N.; Barrientos, G. Galectins in angiogenesis: Consequences for gestation. J. Reprod. Immunol. 2015, 108, 33–41. [Google Scholar] [CrossRef]

	



Murad, S. Toll-like receptor 4 in inflammation and angiogenesis: A double-edged sword. Front. Immunol. 2014, 5, 313. [Google Scholar] [CrossRef] [PubMed]

	



Mura, M.; Swain, R.K.; Zhuang, X.; Vorschmitt, H.; Reynolds, G.; Durant, S.; Beesley, J.F.; Herbert, J.M.; Sheldon, H.; Andre, M.; et al. Identification and angiogenic role of the novel tumor endothelial marker CLEC14A. Oncogene 2012, 31, 293–305. [Google Scholar] [CrossRef]

	



van Nieuw Amerongen, G.P.; Koolwijk, P.; Versteilen, A.; van Hinsbergh, V.W. Involvement of RhoA/Rho kinase signaling in VEGF-induced endothelial cell migration and angiogenesis in vitro. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 211–217. [Google Scholar] [CrossRef]

	



Simons, M.; Alitalo, K.; Annex, B.H.; Augustin, H.G.; Beam, C.; Berk, B.C.; Byzova, T.; Carmeliet, P.; Chilian, W.; Cooke, J.P.; et al. State-of-the-Art Methods for Evaluation of Angiogenesis and Tissue Vascularization: A Scientific Statement from the American Heart Association. Circ. Res. 2015, 116, e99–e132. [Google Scholar] [CrossRef]

	



Bae, B.; Kim, H.; Park, H.; Koh, Y.J.; Bae, S.J.; Ha, K.T. Anti-Angiogenic Property of Free Human Oligosaccharides. Biomolecules 2021, 11, 775. [Google Scholar] [CrossRef]

	



Farhadihosseinabadi, B.; Gholipourmalekabadi, M.; Salimi, M.; Abdollahifar, M.A.; Bagheri, M.; Samadikuchaksaraei, A.; Ghanbarian, H.; Mozafari, M.; Kazemi, B.; Niknejad, H. The in vivo effect of Lacto-N-neotetraose (LNnT) on the expression of type 2 immune response involved genes in the wound healing process. Sci. Rep. 2020, 10, 997. [Google Scholar] [CrossRef]

	



Farhadihosseinabadi, B.; Salimi, M.; Kazemi, B.; Samadikuchaksaraei, A.; Ghanbarian, H.; Mozafari, M.; Niknejad, H. Inducing type 2 immune response, induction of angiogenesis, and anti-bacterial and anti-inflammatory properties make Lacto-n-Neotetraose (LNnT) a therapeutic choice to accelerate the wound healing process. Med. Hypotheses 2020, 134, 109389. [Google Scholar] [CrossRef]

	



Halloran, M.M.; Carley, W.W.; Polverini, P.J.; Haskell, C.J.; Phan, S.; Anderson, B.J.; Woods, J.M.; Campbell, P.L.; Volin, M.V.; Backer, A.E.; et al. Ley/H: An endothelial-selective, cytokine-inducible, angiogenic mediator. J. Immunol. 2000, 164, 4868–4877. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, K.; Amin, M.A.; Zha, Y.; Harlow, L.A.; Koch, A.E. Mechanism by which H-2g, a glucose analog of blood group H antigen, mediates angiogenesis. Blood 2005, 105, 2343–2349. [Google Scholar] [CrossRef] [PubMed]

	



Perdijk, O.; van Neerven, R.J.J.; Meijer, B.; Savelkoul, H.F.J.; Brugman, S. Induction of human tolerogenic dendritic cells by 3’-sialyllactose via TLR4 is explained by LPS contamination. Glycobiology 2018, 28, 126–130. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, H.; Teraoka, M.; Nishi, N.; Nakakita, S.; Nakamura, T.; Hirashima, M.; Kamitori, S. X-ray structures of human galectin-9 C-terminal domain in complexes with a biantennary oligosaccharide and sialyllactose. J. Biol. Chem. 2010, 285, 36969–36976. [Google Scholar] [CrossRef]

	



Chung, T.W.; Kim, E.Y.; Kim, S.J.; Choi, H.J.; Jang, S.B.; Kim, K.J.; Ha, S.H.; Abekura, F.; Kwak, C.H.; Kim, C.H.; et al. Sialyllactose suppresses angiogenesis by inhibiting VEGFR-2 activation, and tumor progression. Oncotarget 2017, 8, 58152–58162. [Google Scholar] [CrossRef]

	



Chung, T.W.; Kim, E.Y.; Choi, H.J.; Han, C.W.; Jang, S.B.; Kim, K.J.; Jin, L.; Koh, Y.J.; Ha, K.T. 6’-Sialylgalactose inhibits vascular endothelial growth factor receptor 2-mediated angiogenesis. Exp. Mol. Med. 2019, 51, 1–13. [Google Scholar] [CrossRef]

	



Cvitic, S.; Desoye, G.; Hiden, U. Glucose, insulin, and oxygen interplay in placental hypervascularisation in diabetes mellitus. BioMed Res. Int. 2014, 2014, 145846. [Google Scholar] [CrossRef]

	



Ensenauer, R.; Brandlhuber, L.; Burgmann, M.; Sobotzki, C.; Zwafink, C.; Anzill, S.; Holdt, L.; Teupser, D.; Hasbargen, U.; Netz, H.; et al. Obese Nondiabetic Pregnancies and High Maternal Glycated Hemoglobin at Delivery as an Indicator of Offspring and Maternal Postpartum Risks: The Prospective PEACHES Mother-Child Cohort. Clin. Chem. 2015, 61, 1381–1390. [Google Scholar] [CrossRef]








[image: Nutrients 13 04257 g001 550] 





Figure 1. HMO concentrations in cord blood serum are different after GDM pregnancy. Tukey box-and-whiskers plot shows 2′-fucosyllactose (2′FL), 3′-siallylactosamine (3′SLN), lacto-difucotetraose (LDFT) and 3’-sialyllactose (3′SL) concentrations in cord blood from pregnancies with normal glucose tolerance (NGT, open boxes) and GDM (blue boxes). NGT control n = 25, GDM n = 26; significance was determined by the Mann–Whitney-U-test; * p < 0.05. 
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Figure 2. Human milk oligosaccharides (HMOs) dose-dependently increased network formation in primary fpECs. fpECs were pre-incubated for 24 h with EBM medium supplemented with 5% FCS with or without HMOs prior to use in a 2D network formation assay (Matrigel). (A) Representative images of network formation after 24 h treatment with (right) or without (left) pooled HMOsHM prior to use in a 2D network formation assay. (B) Bar plot shows total tube length at 12 h after seeding. A set of n = 10 fpEC isolations from healthy placentas was used, each in 2 to 3 independent experiments in technical triplicates (mean ± SD, n = 10, paired T-test). (C) fpECs were treated with serial concentrations (0–500 µg/mL) of pooled HMOsHM and incubated for 24 h showing a dose-dependent effect on 2D network formation. Two independent experiments were performed with two different fpEC isolations in triplicates (means ± SEM, ANOVA with multiple comparison). (D) Network formation was similarly increased when fpECs were incubated with HMOs isolated from pooled human milk (HMOsHM) as from pooled cord blood (HMOsCB red- purple vertically striped) and significantly different to no treatment and non-HMO control for 24 h. Two independent experiments were performed with two different fpEC isolations in triplicates; means ± SEM, paired t-test shows significance difference vs. control (white bar). * p < 0.05; ** p < 0.01. CB, cord blood; HM, human milk. 
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Figure 3. Human milk oligosaccharides (HMOs) increased proliferation of fpECs. The 5 × 104 fpECs were resuspended in medium with and without HMOs, 3′SL or lactose, and seeded into wells of a 96-well-plate. MTT dye was added at the indicated time points, and fpECs were incubated for 4 h before the reaction was terminated. Cell viability was determined by measuring the optical density (OD) at 570 nm in an enzyme-linked-immunosorbent assay (ELISA) microplate reader after (A) 24, (B) 48 and (C) 72 h post seeding. Asterisks indicate significant differences between treatments; ** p < 0.01, *** p < 0.001 and **** p < 0.0001. (D) Time course of OD at the above shown individual time points (24, 48 and 72 h). Values shown are the mean ± SEM of three different fpEC isolations, each seeded in triplicates. Two-way ANOVA with two-stage Benjamini, Krieger and Yekutieli FDR procedure; the letter a indicates significant difference of HMOs vs. control; the letter b indicates significant difference of 3′SL vs. control. 
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Figure 4. Effect of HMOs on actin cytoskeleton organization of cultured fpECs. The 5 × 104 cells per well were seeded on gelatin coated chamber slides. fpECs were cultured for 24 h in M199 medium containing 10% hPS and 10% nBCS followed by a treatment of 24 with M199 medium containing HMOs, 3′SL or lactose, or left untreated (two representative images each). (A) Control conditions (untreated cells) and (B) cells treated with lactose as non-HMO showed membrane ruffle formation (big white arrows) and weak phalloidin staining. Treatment with (C) HMOs (D) 3′SL led to parallel, highly ordered and strongly stained stress fibers (thin white arrows), similar to the positive pro-angiogenic control with TVF (TNF-α, VEGF and FGF-2) (not shown). There was no difference between the 24- and 48-h treatments. Similar results were obtained in five individual experiments with different fpEC isolations (n = 5). 3′SL, 3′-sialyllactose; scale bar = 50 µm. 
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Figure 5. HMOs stimulated in vitro angiogenesis of fpECs. A set of n = 10 individual fpEC isolations from healthy placentas were used for spheroid assays (A,B) and fibrin assays (C,D). (A,B) Spheroid assay showed significantly increased sprouting in the presence of HMOs (100 μg/mL) or 3′SL (30 μg/mL) as compared to untreated control. Lactose served as non-HMO control. (A) Representative image of spheroids analyzed with Cell-IQ analyzer software. Red lines are measuring the sprouts. (B) Box blots show median of tube length in the respective treatments. (C) Representative images of tubes analyzed with the Cell-IQ analyzer. The red dots and lines represent the tubes. (D) Fibrin assay showed a significant increase in total tube length upon treatment with HMOs (100 μg/mL) and 3′SL (30 μg/mL), compared to untreated cells and cells treated with lactose. Repeated measures ANOVA with uncorrected Fisher’s LSD; * p < 0.05; ** p < 0.01; *** p < 0.001; n = 10. 
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Table 1. Subject characteristics.
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Maternal and Infant

Characteristics

	
NGT

Pregnancies

n = 25

	
GDM

Pregnancies

n = 26

	
p






	
Maternal age (years)

	
28.5

	
4.5

	
33.3

	
5.5

	
0.001




	
Height (cm)

	
167.0

	
6.8

	
164.8

	
4.4

	
0.16




	
Weight pre-pregnancy (kg)

	
81.1

	
18.7

	
79.3

	
17.1

	
0.71




	
BMI pre-pregnancy (kg/m2)

	
28.9

	
5.8

	
29.2

	
6.2

	
0.88




	
BMI category pre-pregnancy (n, %)

	

	

	

	

	




	
Normal weight (BMI < 25)

	
7

	
28%

	
8

	
30%

	
0.54




	
Overweight (BMI 25–30)

	
7

	
28%

	
4

	
15%




	
Obese (BMI > 30)

	
11

	
44%

	
14

	
54%




	
BMI at delivery (kg/m2)

	
33.5

	
5.5

	
31.7

	
5.5

	
0.31




	
oGTT 0 h (mg/dL)

	
84

	
4.5

	
98

	
10.9

	
<0.0001




	
oGTT 1 h (mg/dL)

	
131

	
26.6

	
167

	
41.8

	
0.0011




	
oGTT 2 h (mg/dL)

	
104

	
18.5

	
132

	
23.2

	
<0.0001




	
Gestational age at birth (days)

	
274.2

	
7.5

	
275.8

	
7.1

	
0.46




	
Infant weight (g)

	
3482

	
529

	
3414

	
400

	
0.61




	
Infant length (cm)

	
51.0

	
2.1

	
50.0

	
4.2

	
0.31




	
Ponderal index (kg/m3)

	
26.2

	
2.3

	
28.5

	
10.3

	
0.28




	
Placental weight (g)

	
662

	
107

	
589

	
118

	
0.027




	
Infant sex (n male; %)

	
16

	
64%

	
15

	
59%

	
0.78




	
Delivery mode (n primary

C-section, %)

	
18

	
72%

	
16

	
62%

	
0.54








Mean ± SD or n (%).
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